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CHAPTER 1 INTRODUCTION
1.1 Noncovalent Interactions
Noncovalent interactions, unlike covalent bonds, do not involve localized sharing
of electrons between atoms in a molecule. Instead, noncovalent interactions involve a
diffuse electrostatic attraction or repulsion between molecules or within a molecule. 1
Those that take place between molecules are usually identified as intermolecular
interactions, whereas those that take place within a molecule are referred to as
intramolecular interactions. 2

Because sharing of electrons is not highly localized

between the interacting atoms, noncovalent interactions typically involve longer and
weaker bonds in comparison to covalent bonds. Currently, there are four very well
known types of noncovalent interactions; electrostatic, van der Waals, hydrophobic, and
aromatic π interactions.3 Although these interactions are generally weak, a collective
network of these interactions can yield significant stabilization for a chemical system,
which is why they are typically found in large biological molecules, i.e., protein and
nucleic acid macromolecules.4 Because these interactions are weak, they are often
employed in biological systems for transient, yet specific, binding of two or more
molecules to carry out important biological processes that do not require a significant
amount of free energy. Thus noncovalent interactions are often the subject of reverse
engineering for the design of many systems including drugs,

5

self-aggregating

materials,6 and organic and inorganic molecules.7 In the following sections noncovalent
interactions and important contributions that these interactions make, in the context of
this thesis, to nucleic acid chemistry, are discussed in detail (Sections 1.1.1-1.1.3).

2
1.1.1 Ionic Interactions
Ionic interactions are a subset of electrostatic interactions that involve attraction
between cationic and anionic species. Bonds formed between two species of opposite
charge are referred to as ionic bonds. 8 Most cationic species associated with ionic
bonds are metals that have the tendency to lose electron(s) to attain a more stable
electron configuration, often involving a complete or half-filled shell or subshell, e.g.,
alkali and alkaline earth metals, iron, silver, copper, lead, manganese, tin, and zinc.9 In
some cases, the cations of ionic bonds can be nonmetals, and are generally protonated
polyatomic species, e.g., ammonium, hydronium, and guanidinium cations. 10 The
corresponding anions are almost exclusively nonmetallic and highly electronegative
species that have the inclination to gain electron(s) to achieve a stable atomic or
molecular electronic configuration, e.g., halides, hydroxide, oxide, nitrate, sulfate,
carbonate, and phosphate anions. 11 Exceptions generally involve metal-complexed
anionic species, e.g., chromate and permanganate. Unlike other types of noncovalent
interactions, which are discussed in detail in Sections 1.1.2 and 1.1.3, ionic bonds are
formed via unequal sharing of electron density and thus to a limited extent exhibit
characteristics similar to those of covalent bonds. Covalent bonding involves an equal,
or nearly equal, sharing of electrons between atoms, whereas electrons associated with
ionic bonding are much more polarized due to the large difference in electronegativity
between the two bonding atoms.12 The strength of ionic bonds is comparable to those
of covalent bonds in the solid crystalline state. However, in the presence of a protic
solvent such as water, ionic bonds are typically much weaker than covalent bonds as
the charged species are surrounded by water molecules, which leads to an increase in
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the ion-ion interaction distance while simultaneously screening the ion-ion interactions.
1.1.2 Hydrogen-Bonding Interactions
Hydrogen-bonding interactions are another subset of electrostatic interactions
that involve dipole-dipole interactions between a hydrogen atom and the lone pair of
electrons of an electronegative atom.13 A hydrogen bond is typically formed between a
hydrogen atom that is covalently bound to a highly electronegative atom and a second
highly electronegative atom that may be part of the same molecule or another molecule.
Highly electronegative atoms include: nitrogen, oxygen, sulfur, and fluorine. The dipoledipole interaction is a result of the attraction between the partial positive charge of the
hydrogen atom and the partial negative charge of the highly electronegative atom to
which it is not covalently bound. The hydrogen atom and the electronegative atom that it
is covalently bound to are referred to as the hydrogen-bond donor, whereas the other
electronegative atom acts as the hydrogen-bond acceptor. The intrinsic strength of a
hydrogen bond depends on the partial charges on the donor and acceptor atoms,
identity of the electronegative atoms, the bond length, and the bond angle.14 Conditions
associated with the local environment such as temperature, pressure, and dielectric
constant of the system may also significantly impact the strength of binding.15
The most well known example of intermolecular hydrogen bonding is the network
of hydrogen-bonding interactions formed by water molecules in an aqueous solvent
system. Each water molecule possesses two hydrogen bond donors, the hydrogen
atoms, and two hydrogen bonds acceptors, the two lone pairs of electrons on the
oxygen atom.16 Although not as extensive as aqueous solvent systems, hydrogen bond
networks exist in all protic solvents. In addition to the important roles that hydrogen-
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bond networks play in protic solutions, intramolecular hydrogen bonds are largely
employed in the self-folding and self-assembly of large protein and nucleic acid
molecules. Intramolecular hydrogen bonds are often formed by neighboring hydrogenbond donors and acceptors to form higher-order tertiary structures that stabilize their
structures, packaging for transportation across membranes, to form conformation
specific structures for molecular recognition, or to carry out certain biological functions.17
Because hydrogen-bonding interactions are relatively weak in comparison to covalent
bonds, the free energy cost associated with their formation and cleavage is also
relatively low, and thus enables structural changes to be easily achieved via modest
changes in the local environment.4
1.1.3 Metal-Ligand Interactions
Metal-ligand interactions are another subset of electrostatic interactions that can
either involve ion-dipole and ion-induced dipole interactions between a metal cation and
the lone pair of electrons of an electronegative atom, or more equal sharing of electrons
to form a polar covalent bond.18 In some cases, metal cations may interact with the
electron rich π cloud of an alkene or aromatic π system, and are referred to as a cationπ interaction. Typically, alkali and alkaline earth metal cations are involved in
noncovalent interactions with electronegative atoms due to their closed shell electron
configuration, whereas binding to transition metal cations is more complex because
most are soft and electron rich, and therefore have the ability to more equally share
their electrons with ligands to form polar covalent bonds. Metal-ligand interactions
usually involve a central metal cation that is bound to multiple ligands. The number of
ligands and geometry of the binding interactions usually depend on the atomic radii,
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charge state, and electron configuration of the metal cation, and thus the metal cation
generally dominates the strength of the binding interaction. However, the strength of
binding typically decreases with increasing ligation such that the binding interactions
become more noncovalent in nature as the number of metal-ligand interactions
increases. The weaker bond strength of noncovalent metal-ligand interactions allows
more flexible binding of ligands, which can be influenced by the local environment and
enables metal-ligand complexes to readily undergo chemical reactions. In contrast, the
rigid binding in covalent metal-ligand interactions usually results in metal-ligand
complexes that play very specific roles via their catalytic activities, oxidation-reduction
properties, and ability to act as chelating agents.19-22
1.2 Nucleic Acid Chemistry
Nucleic acids are a class of macromolecules that are critical to all life forms and
are essential to the encoding and transferring of genetic information. Nucleic acids exist
in two different molecular forms: deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA). Each macromolecule is made up of nucleotide subunits, and each nucleotide is
comprised of three different molecular components: 2'-deoxyribose or ribose sugar,
phosphate, and nucleobase moieties.23 The nucleotides of DNA and RNA are illustrated
in Figure 1.1. Nucleosides are building blocks of the nucleotides that lack the
phosphate moiety. DNA is distinguished from RNA in that the sugar moiety is
2'-deoxyribose as opposed to ribose. DNA is typically found to exhibit a double helical
structure, formed by two complimentary polymeric strands.

24

The canonical

nucleobases that make up of DNA are adenine (Ade), cytosine (Cyt), guanine (Gua),
and thymine (Thy). The canonical DNA nucleosides are 2'-deoxyadenosine (dAdo), 2'-
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deoxycytosine (dCyd), 2'-deoxyguanosine (dGuo), and thymidine (dThd). RNA is
generally found in single-stranded forms.25 The canonical nucleobases of RNA are the
same as of those of DNA, except that Thy is replaced by uracil (Ura), or uridine (Urd) in
the RNA nucleoside form.
In the central dogma of molecular biology, the replication of DNA is the most
fundamental and important process that occurs in all living organisms.26,27 Therefore,
DNA adapts the double helical structure to prevent modification and mutation of the
nucleobase and 2'-deoxyribosyl moieties, and to preserve a complimentary backup copy
of the crucial genetic information that DNA contains. 28 The 2'-deoxyribose moiety of
DNA is also less susceptible to hydrolysis than ribose. 29,30 The cytosine residues in
DNA can undergo spontaneous deamination to form uracil through a hydrolysis
reaction.

31 , 32

In mammalian cells, on average approximately 100 spontaneous

deamination events occur per day. Because Thy is found in DNA instead of Ura, this
mutation can be readily recognized and edited out by uracil-DNA glycosylase. A DNA
polymerase replaces the necessary Cyt residue back into the DNA strand.33 Thymine
differs from Ura by methylation at the C5-position. A methyl substituent can act as a
protecting group, the use of which has been a common practice among chemists and
biologists for many decades. 34 - 37 It has been proposed that the methyl substituent
enhances the resistance of Thy to photochemical mutation in comparison to Ura. 38
Thymine has also been found to contribute to better packing and overall stabilization of
the double helical structure of DNA,39,40 hence it is logical that nature favors Thy over
Ura in DNA to ensure proper storage and transfer of genetic information.41
Unlike DNA, RNA nucleotides exhibit greater chemical diversity, and perform
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more biological functions than passing on genetic information. Most of these biological
functions are carried out by complex RNA nucleotides rather than the simple
mononucleotides.25 However, RNA mononucleotides do play important roles. For
example, adenosine-5'-triphosphate (ATP) and adenosine-5'-diphosphate (ADP) are the
energy carriers in cells, where free energy is released through the hydrolysis of the
phosphodiester bond.42 The adenine nucleotide is also a component of many enzyme
cofactors such as coenzyme A,

43

nicotinamide adenine dinucleotide (NAD),

nicotinamide adenine dinucleotide phosphate (NADP),44 and flavin adenine dinucleotide
(FAD).45 RNA mononucleotides that are more well known for their biological functions
include 3',5'-cyclic adenosine monophosphate (cpAdo) and 3',5'-cyclic guanosine
monophosphate (cpGuo), which act as a secondary messengers in the intracellular
signal transduction of the cell.46 Several examples of the lesser known functions of the
common RNA mononucleotides include: adenosine-5'-monophosphate activated protein
kinase that regulates the production of ATP, 47 cytidine-5'-monophosphate induced
conformational change to the enzyme sialyltransferase that catalyzes the synthesis of
sialic

acid

containing

oligosaccharides,

48

application

of

zirconium

uridine-5'-

monophosphate complexes as an electrochemistry probe of myoglobin, 49 and the
inhibition of the hydrolase enzyme, sphingomyelinase, which is required in the
sphingolipid metabolism reaction by adenosine-5'-monophosphate.50
Currently, there are one hundred and twelve naturally occurring posttranscriptionally modified RNA nucleosides that have been identified. 51,52 The uracil
nucleobase and the 2'-position of the ribose sugar are the most commonly chemically
and photochemically modified sites of RNA nucleosides. For example, 2'-O-
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methylribose modified RNA nucleosides are commonly found in ribosomal RNA
(rRNA),53,54 whereas pseudouridine ( Ψrd), a modified nucleobase form of uridine (Urd),
is commonly found in transfer RNA (tRNA).55 Many of these modifications occur in the
highly functional regions of RNA, thus implying that they are essential for carrying out
specific functions.56
1.2.1 Stabilization of DNA and RNA Polymers
The double helical structure of DNA is primarily stabilized by two types of
noncovalent interactions, hydrogen-bonding interactions between complimentary DNA
strands and base-stacking or π-π interactions of the aromatic nucleobases. 57 The
complimentary DNA strands run anti-parallel to each other and are held together by
hydrogen-bonding interactions between the nucleobases of the complementary DNA
strand, commonly referred to as base pairing. 58 Base pairing was first observed by
Watson and Crick, 59 where adenine is base paired with thymine via two hydrogen
bonds, and cytosine is base paired with guanine via three hydrogen bonds. This type of
base pairing is commonly known as Watson-Crick base pairing. In the double helical
structure, the complimentary base pairs lie approximately above and below each other
along the length of DNA. Because of this arrangement, the electron rich π cloud of each
aromatic nucleobase is able to interact with the adjacent π clouds of the previous and
next nucleobases via a weak π−π interaction.60-62 The cumulative effect of the basestacking interactions provides significant stabilization to DNA along its double helix axis.
Under standard physiological conditions, interactions with water molecules, mono- and
divalent metal cations, and other counterions, both positively and negatively charged,
also provide stabilization to the DNA double helical structure via ionic, metal-ligand and
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hydrophobic interactions. The phosphate moieties of the nucleotide building blocks that
make up DNA and RNA are deprotonated under physiological conditions and thus
anionic. Because nucleotides are covalently linked to one another at the 3'-hydroxyl
substituent of the ribose and the phosphate moiety, the resulting phosphate backbones
of DNA and RNA are polyanionic. Metal cations are usually bound to the polyanionic
phosphate backbone to reduce negative-negative charge repulsions that could
potentially destabilize the overall double helical structure.63,64 The complimentary base
pairs are oriented within and perpendicular to the central axis of the double helix
structure. Therefore, the base pairs generally do not interact with surrounding water
molecules via hydrogen-bonding interactions. Hence, this geometry results in
hydrophobic interactions that further stabilize the DNA duplex.
Single stranded RNA is primarily stabilized by intramolecular hydrogen-bonding
interactions between the nucleobases within the molecule. In RNA, adenine is base
paired with uracil via two hydrogen bonds, and cytosine is base paired with guanine via
three hydrogen bonds. These intramolecular base-pairing interactions stabilize a variety
of secondary structures such as hairpin loops, internal loops, and internal bulges that
are important for carrying out conformation-specific biological functions.29 These
secondary structures are commonly found in tRNA and rRNA. Base-stacking
interactions are also found in RNA, but only when a single strand of RNA is looped
around and the base pairing region is long enough to form an intrastrand double helical
structure. Two or more double helices of RNA within the same strand can be stacked on
each other to form a coaxial stacking interaction, which results in higher-order tertiary
structure of RNA.65 Similar to DNA, the phosphate backbone of RNA is also polyanionic
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and requires interaction with metal cations to stabilize the negative-negative charge
repulsion. In particular, the magnesium (II) metal cation, Mg2+, has been found to induce
different folding geometries of RNA.66
1.2.2 Metal Ions in Nucleic Acids
Sodium (Na+) and potassium (K+) metal cations are the most abundant and
essential monovalent cations found in nucleic acids. The presence of these alkali metal
cations is often required for DNA 67 and RNA66 to adapt certain conformations. For
example, under standard physiological conditions, the most prominent form of DNA is
right-handed helical B-DNA. The mononucleotide subunits in B-DNA adopt anti and
C2'-endo conformations of the nucleobase and ribose moieties, respectively. In a
solution containing organic solvent or a high concentration of sodium salt, right-handed
helical A-DNA is the most prominent form.68-70 In this form, the nucleobases also adopt
anti configurations, but the 2'-deoxyribose moieties exhibit C3'-endo conformations. Due
to the difference in the puckering of the 2'-deoxyribose moieties, the diameter of the
helix, the number of base pairs per helical turn, and helix rise in length per base pair all
differ from A- to B-DNA. Under the same physiological conditions as that of B-DNA, but
with a high concentration of sodium cations, the nucleobase and 2'-deoxyribose
moieties of adenosine and guanosine are transformed to the syn and C3'-endo
conformations, leading to left-handed Z-DNA. The Z-DNA geometry was first observed
in ultraviolet circular dichroism experiments conducted by Pohl and Jovin on
poly(dG−dC) DNA.71 It has been suggested that high sodium concentrations reduce the
electrostatic repulsion along the negatively charged phosphate backbone such that the
Z-DNA conformation becomes more favorable. 72 Other studies that have examined
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chemical and sequence modifications have also observed the Z-DNA conformation,73,74
however, the high concentration of sodium cation remains the driving force.75 Although
high concentrations of alkali metal cations have been shown to stabilize different forms
of DNA and RNA, they have also been reported to produce negative effects on the
overall stability. High concentrations of alkali metal cations, specifically, Na+, have been
shown to cause oxidative damage to the nucleobases of DNA and unzipping of DNA
helical structures.76 Therefore, high concentrations of alkali ions have been suggested
to have the potential to lead to base mispairing and mutation.77 Another well known
example of metal cations stabilizing unique nucleic acid structures is the formation of
the G-quadruplex.78-81 A G-quadruplex can be formed from single or multiple strands of
DNA and RNA82 with guanosine rich sequences and the presence of Na+ and K+ metal
cations. The secondary structure of a G-quadruplex is a planar guanosine tetrad
(G-tetrad) made up of four guanine residues that are hydrogen bonded to one another
via Hoogsteen base pairs. A sodium or potassium cation is tightly secured in the center
of each G-tetrad via tetradentate noncovalent interactions with the O6 carbonyl oxygen
atoms of the guanine residues. Subsequent G-tetrads are stacked on top of one another
via base−stacking interactions, where the stacks of G-tetrad are linked by the
polyanionic phosphate backbone to form the tertiary structure.
As mentioned previously, the secondary structures of RNA are primarily
stabilized by intramolecular base pairing, which forms hairpins, loops, and bulge
structures. The polyanionic phosphate backbone is charge stabilized by cations that
further stabilize the secondary structure. Tertiary structures of RNA can be formed by
intrastrand double helical structures, as a result of intramolecular base pairing, and
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coaxial stacking of intrastrand helixes. The magnesium cation, Mg2+, is the most
commonly used metal cation for folding of RNA into tertiary structures.83,84 The folding
mechanisms may be water mediated via hydrogen-bonding interactions with a
magnesium hexahydrate complex, [Mg(H2O)6]2+,85 partially water mediated and partially
coordinated with [Mg(H2O)x]2+, where x = 1−3,86,87 or fully hexacoordinated to Mg2+.88
The most common binding and water mediated sites of RNA are the O6 and N7 atoms
of the canonical tautomer of Gua, O4 atom of the canonical tautomer of Ura, phosphoryl
oxygen atoms, and 2'-hydroxyl substituents of the ribose moieties. Potassium cations
have also been shown to be specifically required for RNA folding in some studies,89,90
whereas lithium and sodium cations have also been used to fold specific RNAs.91
At present, the intrinsic understanding of how alkali metal cations interact with
DNA and RNA polymers exists on two opposite ends of spectrum. On one end, the
metal cations are thought to be fully hydrated and interact with nucleic acids in a
delocalized manner where a diffuse cloud of metal cations surrounds the backbone,
along the length of the polymer, or simply as counterions to neutralize the negatively
charged phosphate backbone, with no direct contact. This model of metal cation-nucleic
acid interactions is well described by two competing theories,9,92 Poisson-Boltzmann
(PB) theory93-97 and counterion condensation (CC) theory.98,99 On the other end, the
binding of metal cations to nucleic acids is thought to be sequence specific where the
major and minor grooves of nucleic acids act as ionophores to form specific
coordination with different types of metal cations, e.g., monovalent and divalent
cations. 100 In addition, the binding of metal cations to the electronegative groups in
these ionophores are often water mediated, where the water molecules not only occupy
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the same groove as the cations to form a water spine along the length of the polymer,
but also participate in the coordination.101-107 In contrast to the PB and CC theories,
binding of metal cations to nucleic acids in this case is stronger and involves partially
hydrated species. Although the binding sites of metal cations to nucleic acids follow
different sequence rules for different mono- and divalent cations, a general rule of
thumb is that adenosine and thymidine rich sequences stabilize binding of metal cations
in the minor groove, whereas guanosine and cytidine rich sequences preferentially
stabilize metal cations in the major groove.100,108
1.3 Nucleobase Tautomerization and Modification
DNA and RNA nucleobases are made up of aromatic rings with carbonyl and
amino functional groups. Within these structures, each nucleobase also contains one or
more solvent-exchangeable hydrogen atoms that can move to neighboring carbonyl and
imine functional groups via keto−enol and amino−imino tautomerization.

109

For

example, the hydrogen atoms of the 6-amino substituent of Ade can shift to the
neighboring N1 and N7 imino groups to form amino−imino tautomers. The N3 amino
hydrogen atom of Thy and Ura can shift to the 2- and 4-carbonyl groups to form
keto−enol tautomers. For Gua and Cyt, both structures contain carbonyl, amine, and
imine groups that neighbor each other. Hence both Gua and Cyt can exhibit both
keto−enol and amino−imino tautomerizations, and result in many possible tautomers.
Furthermore, these nucleobases in their isolated forms, i.e., not in DNA or RNA, have
the ability to form additional tautomeric conformers due to the additional hydrogen atom
at the N1 or N9 position of the pyrimidine or purine nucleobases, respectively. Such
hydrogen atom tautomerization is commonly known as prototropic tautomerism as the
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shift actually involves only the nuclei, i.e., the proton, not a hydrogen atom. Under
standard physiological conditions, the canonical form of all of the DNA and RNA
nucleobases is the most stable tautomeric conformation. 110 - 124 However, different
tautomers of nucleobases have been found to be stabilized by acid-base catalysis,
metal cation interactions, and changes to the dielectric constant of the surrounding
environment (i.e., the solvent). 125 Tautomeric shift of the nucleobases from their
canonical tautomers often alters their base pairing properties and preferences, which
can lead to mismatch and mutation.126-129
Chemical modification or substitution of the functional groups and heterocyclic
atoms of nucleobases are also very common in nucleic acid chemistry. Examples of
commonly occurring modifications include substitution of the carbonyl oxygen atom by
sulfur to form the thiocarbonyl moiety, 130 , 131 substitution of a heterocyclic hydrogen
atom by a halogen atom, replacement of an amino hydrogen atom by a methyl or
methoxy substituent, 132,133 and protonation or akylation of the heterocyclic ring of a
nucleobase. 134 These modifications can dramatically alter the electronic properties,
base pairing, metal binding affinities, and dipole moments of the nucleobases. The
incorporation of modified nucleobases into DNA and RNA generally results in
damaging, but sometimes therapeutic, effects on the proper functioning of these genetic
information carriers.135-138
1.4 Motivation and Systems Investigated
Accurate structural characterization of biological molecules has historically been
a hot topic in the fields of biology and chemistry. X-ray crystallography and multidimensional NMR spectroscopy have generally been the preferred methods for
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structural characterization due their high resolution and ability to mimic the physiological
environment that biological molecules exist in, respectively. These techniques, however,
are limited to studies of an ensemble of molecules in the presence of solvent molecules
and/or counter ions in the condense phase, and hence lack the selectivity for
investigating individual complexes with a desired charge state, aggregation state, or
metal cation binding motif. Recently, we have employed a new spectroscopic technique,
infrared multiple photon dissociation (IRMPD) action spectroscopy, in which ionic
complexes (deprotonated, protonated, and metal cationized) generated from a sample
solution are introduced into the gas-phase by electrospray ionization, and are analyzed
in a Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS). This
technique enables selection of a specific species, based on its mass-to-charge ratio,
and characterization of its structural conformation probed spectroscopically using a
widely tunable free electron infrared laser.
1.4.1 IRMPD Action Spectroscopy of Protonated Uracil and Thiouracils
Thiouracils are an important and interesting class of modified nucleobases due to
their

biological,

pharmacological,

and

spectroscopic

properties.

2-Thiouracil,

5-methyl-2-thiouracil, 4-thiouracil, and 2,4-dithiouracil have been identified as minor
components of t-RNA and peptide nucleic acids. 102,103,139 The replacement of uracil by
a thiouracil in m-RNA can lead to misrecognition and results in mutation.

140

Interestingly, the substitution of oxygen by sulfur and further methyl substitution of uracil
results in modified nucleobases that have found use in many pharmacological
applications.102, 141 - 154 2-Thiouracil and 4-thiouracil are well known for their use in
antithyroid, anticancer,102,109,110 and heart disease treatments.111,112 Similarly, 6-methyl-
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2-thiouracil has also been demonstrated to be an effective antithyroid drug.113 Due to
these therapeutic activities, a series of derivatives of 2-thiouracil and 4-thiouracil can
also be found in many pharmacological drugs for anticancer,114 antithyroid,115,116 and
anti-HIV117 treatments.
Previous works published by Salpin et al.

155 , 156

using IRMPD action

spectroscopy in a quadrupole ion trap, have shown that the binding of a proton to uracil
preferentially stabilizes an alternative tautomeric structure. Whereas the tautomer
corresponding to binding of a proton to the canonical diketo tautomer of uracil was only
present in minor abundance. Structures of different tautomeric forms of thiouracils have
also been published in many experimental157-161 and theoretical162-164 studies. Of most
relevance to the present work are the gas-phase basicity and proton affinity
measurements using Fourier transform ion cyclotron resonance mass spectrometry
techniques and theoretical calculations by Lamsabhi et al.165 In this study, the proton
affinities measured for 4-thiouracil and 2,4-dithiouracil correspond well with theoretical
estimates for the binding of a proton at the S4 position of the canonical keto-thioketo
tautomer of 4-thiouracil and dithioketo tautomer of 2,4-dithiouracil. Whereas the binding
of a proton to 2-thiouracil was found to stabilize an alternative tautomeric structure,
similar to that found in the IRMPD spectroscopy study of protonated uracil mentioned
above. However, structural information regarding these protonated thiouracil complexes
was only inferred from comparison with theory. No direct experimental characterization
of the structures of the protonated complexes of these thiouracils has been reported.
Chapter 3 examines the interactions of uracil (U) and five common thiouracils
(xSUra), where xSUra = 2-thiouracil (S2Ura), 5-methyl-2-thiouracil (m5S2Ura),
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6-methyl-2-thiouracil (m6S2Ura), 4-thiouracil (S4Ura), and 2,4-dithiouracil (S2,4Ura) with a
proton via IRMPD action spectroscopy, in an attempt to understand the intrinsic effects
of thioketo substitution and/or methylation of uracil, and the effects of the excess proton
on the tautomeric stability and base-pairing properties of these nucleobases. The
canonical structures of neutral uracil and the thiouracils investigated here are shown in
Figure 1.2. Theoretical calculations for the protonated forms of Ura and five xSUra were
also carried out to facilitate analyses of the experimentally measured IRMPD action
spectra and to visualize the most stable conformations accessed in these experiments.
1.4.2 IRMPD Action Spectroscopy of Sodiated Uracil and Thiouracils
Previously, in an effort to better characterize the binding interactions between
alkali metal cations and uracil, and the effects of thioketo substitution on these
complexes, energy-resolved collision-induced dissociation (CID) experiments were
carried out using a custom built guided ion beam tandem mass spectrometer (GIBMS)
in our laboratory, along with theoretical calculations to complement those results. 166
However, GIBMS techniques do not provide direct information regarding the gas-phase
structures probed in the experiments. Instead, structural information can only be
inferred by performing theoretical calculations and comparing the measured bond
dissociation energies (BDEs) to theoretical estimates for these values.
Chapter 4 expands the work examined in Chapter 3 to include the interactions
of Ura and five xSUra with a sodium cation. Specifically, the most stable conformation of
the sodium cationized complexes and how the sodium cation binding motif may affect
the base-pairing interaction of these nucleobases are elucidated. These results are
compared to the structures elucidated for protonated Ura and xSUra to further elucidate
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the effects of 2- and 4-thioketo and 5- and 6-methyl substitution.
1.4.3

IRMPD

Action

Spectroscopy

of

Deprotonated

DNA

and

RNA

Mononucleotides
As discussed above, the tertiary structures of DNA and RNA can be dramatically
affected by the local environment. One of the most prominent effects relevant to the
studies performed here and in the gas-phase in general, is the structural rearrangement that occurs in the absence of solvent (water molecules), where
conformation changes occur to form intramolecular hydrogen-bonding interactions to
replace the hydrogen-bond stabilization that is lost upon removal of the solvent. In the
second part of this thesis, Chapters 5 and 6, the gas-phase conformations of the
deprotonated forms of each of the four naturally occurring DNA and RNA
mononucleotides are studied as model systems for understanding the intrinsic structural
preferences of these nucleic acid building blocks in the absence of water molecules.
The DNA mononucleotides examined include 2'-deoxyadenosine-5'-monophosphate
(pdAdo),

2'-deoxycytidine-5'-monophosphate

(pdCyd),

2'-deoxyguanosine-5'-

monophosphate (pdGuo), and thymidine-5'-monophosphate (pdThd). The RNA
mononucleotides examined include adenosine-5'-monophosphate (pAdo), cytidine-5'monophosphate

(pCyd),

guanosine-5'-monophosphate

(pGuo),

and

uridine-5'-

monophosphate (pUrd). The most stable structures of these deprotonated species are
elucidated using the combined efforts of IRMPD action spectroscopy and theoretical
calculations.
The conformation of deprotonated DNA and RNA mononucleotides is commonly
classified based on two features; the rotation of the nucleobase about the glycosidic
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bond and the puckering of the ribose ring. When the nucleobase is oriented towards
(away from) the 5' phosphate group, the nucleotide adapts the syn (anti) conformation,
as shown in Figure 1.3. The puckering of the ribose ring is a result of either the C2' or
C3' atom being on the same side (endo) or opposite side (exo) of the plane of the ribose
moiety, defined by ∠C4'O4'C1', relative to the C5' atom as shown in Figure 1.3. In
Chapters 5 and 6, the anti or syn conformation of the nucleobase in the
mononucleotide is designated with A or S, whereas the C2'-endo or C3'-endo
conformation of the ribose moiety is designated by C2 or C3, and C'2 or C'3 are used to
designate C2'-exo or C3'-exo conformations.

20
1.5 References
(1) Hobza, P.; Müller-Dethlefs, K. Non-covalent Interactions: Theory and Experiment;
RSC Publishing: Cambridge, UK, 2010, 3–6.
( 2 ) Raicu, V.; Popescu, A. Integrated Molecular and Cellular Biophysics. Springer
Netherland, 2008, 7–8.
(3) Lodish, H.; Berk, A.; Zipursky, S. L.; Matsudaira, P.; Baltimore, D.; Darnell, J.
Molecular Cell Biology, 4th ed.; W. H. Freeman: New York, NY, 2000, 31–63.
(4) Nelson, D. L.; Cox, M. M. Lehninger Principles of Biochemistry, 6th ed.; Macmillan
Education: Belmont, CA, 2013, 160–161.
(5) Silverman, R. B. The Organic Chemistry of Drug Design and Drug Action, 2nd ed.;
Elsevier: Amsterdam, The Netherlands, 2004, 197–198.
(6) Eisler, M. Encyclopedia of Nanoscience and Society, SAGE Publications: Thousand
Oaks, CA, 2010, 839–841.
( 7 ) Anslyn, E.; Dougherty, D. A. Modern Physical Organic Chemistry, University
Science: Sausalito, CA, 2004, 207–220.
( 8 ) Ebbing, D. D.; Gammon, S. D. General Chemistry, 7th ed.; Houghton Mifflin
Company: Boston, MA, 2002, 348–354.
(9) Rayner-Canham, G.; Overton, T. Descriptive Inorganic Chemistry, 5th ed.; W. H.
Freeman: New York, NY, 2010, 81–90.
(10) Olah, G. A.; Laali, K. K.; Wang, Q.; Prakash, G. K. S. Onium Ions; John Wiley &
Son: New York, NY, 1998, 1–4.
(11) Sessler, J. L.; Gale, P.; Cho, W. Anion Receptor Chemistry. RSC Publishing:
Cambridge, UK, 2006, 1–4.

21
(12) Pauling, L. The Nature of the Chemical Bond, 3rd ed.; Cornell University Press:
Ithaca, NY, 1960, 6–7.
(13) Alberts, B.; Bray, D.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P.
Essential Cell Biology: An Introduction to the Molecular Biology of the Cell; Garland
Publishing: New York, NY, 1998, 46–47.
(14) Maréchal, Y. The Hydrogen Bond and the Water Molecule: The Physics and
Chemistry of Water, Aqueous and Bio Media; Elsevier B. V.: Amsterdam, The
Netherlands, 2007, 6–7.
(15) Legon, A. C.; Millen, D. J. Chem, Soc. Rev., 1987, 16, 467–498.
(16) Latimer, W. M.; Rodebush, W. H. J. Am. Chem. Soc., 1920, 42, 1419–1433.
(17) Jeffrey, G. A.; Saehner, W. Hydrogen Bonding in Biological Structures; SpringerVerlag: Berlin, Heidelberg, 1994, 309–411.
(18) Constable, E. C. The Metal-Ligand Interaction, in Metals and Ligand Reactivity: An
Introduction to the Organic Chemistry of Metal Complexes, New, revised and expanded
edition; VCH Verlagsgesellschaft mbH: Weinheim, Germany, 2005, 22–45.
(19) Furia, T. Food Technology, 1964, 18, 1874–1882.
(20) Haas, K. L.; Franz, K. J. Chem. Rev. 2009, 109, 4921–4960.
(21) DuBois, M. R. Chem. Rev. 1989, 89, 1–9.
(22) Holder, E.; Langeveld, B.ԜM.ԜW.; Schubert, U.ԜS. Advanced Materials, 2005, 17,
1109-1121.
( 23 ) Blackburn, G. M.; Gait, M. J.; Loakes, D.; Williams, D. M. Nucleic Acids in
Chemistry and Biology 3rd ed.; RSC Publishing: Cambridge, UK, 2006, 13−15.

22
(24) Neidle, S. Principles of Nucleic Acid Structure; Academic Press: London, UK, 2008,
38−73.
( 25 ) Elliott, D.; Ladomery, M. Molecular Biology of RNA; Oxford University Press:
Oxford, NY, 2011, 4−15 and 35−79.
(26) Crick, F. H. C. Symp. Soc. Exp. Biol. 1956, XII, 139−163.
(27) Crick, F. Nature 1970, 227, 561−563.
(28) Janson, L. W.; Tischler, M. E. Medical Biochemistry: The Big Picture; McGraw-Hill:
New York, NY, 2012, 42−44.
(29) Söll, D.; Nishimura, S.; Moore, P. B. RNA; Pergamon: Oxford, UK, 2001, 77−78.
(30) He, C. Methods in Enzymology: Volume 560 RNA Modification; Academic Press:
Waltham, MA, 2015, 39−41.
(31) Frederico, L. A.; Kunkel, T. A.; Shaw, B. R. Biochemistry, 1993, 32, 6523−6530.
(32) Lindahl, T. Nature, 1993, 362, 709−715.
(33) Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P. Molecular
Biology of the Cell. 4th ed.; Garland Science: New York, NY, 2002, DNA Repair.
Available from: https://www.ncbi.nlm.nih.gov/books/NBK26879/
(34) Cantoni, G. L. Annu. Rev. Biochem. 1975, 44, 435−451.
(35) Grewal, S. I.; Rice J. C. Curr. Opin. Cell Biol, 2004, 16, 230−238.
(36) Mann, M. R.; Bartolomei, M. S. Genome Biol. 2002, 3:R1003−R1003.4.
(37) Chen, R. Z.; Pettersson, U.; Beard, C.; Jackson-Grusby, L.; Jaenisch, R. Nature
1998, 395, 89–93.
(38) Lesk, A. M. J. Theor. Biol. 1969, 22, 537−540.

23
(39) Warmlander, S.; Spöner, J. E.; Spöner, J.; Leijon, M. J. Biol. Chem. 2002, 277,
28491−28497
(40) Marathe, A.; Bansal, M. J. Phys. Chem. B 2010, 114, 5534−5546.
( 41 ) Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P. Molecular
Biology of the Cell, 4th ed.; Garland Science: New York, NY, 2002, 45–60.
(42) Knowles, J. R. Annu. Rev. Biochem. 1980, 49, 877–919.
(43) Daugherty, M.; Polanuyer, B.; Farrell, M.; Scholle, M.; Lykidis, A.; de Crécy-Lagard,
V.; Osterman, A. J. Bio. Chem., 2002, 277, 21431−21439.
(44) Pollak, N.; Dölle, C.; Ziegler, M. Biochem. J. 2007, 402, 205−218.
(45) Lin, C.; Robertson, D. E.; Ahmad, M.; Raibekas, A. A.; Jorns, M. S.; Dutton, P. L.;
Cashmore, A. R. Science 1995, 968.
( 46 ) Cox, M.M.; Nelson, D.L. Lehninger Principles of Biochemistry, 3rd ed., W.H.
Freeman: New York, 2004, Chapter 10.
(47) Hardie, D. G. Endocrinology 2003, 144, 5179−5183.
(48) Ni, L.; Sun, M.; Yu, H.; Chokhawala, H.; Chen, X.; Fisher, A. J. Biochemistry 2006,
45, 2139−2148.
(49) Qiao, Y.; Jian, F.; Bai, Q. Biosens. Bioelectron. 2008, 23, 1244−1249.
(50) Callahan, J. W.; Jones, C. S.; Davidson, D. J.; Shankaran, P. J. Neuro. Res. 1983,
10, 151−163.
(51) The RNA Modification Database. http://mods.rna.albany.edu/mods/. (accessed
Feb. 14, 2017).

24
(52) Cantara, W. A.; Crain, P. F.; Rozenski, J.; McCloskey, J. A.; Harris, K. A.; Zhang,
X.; Vendeix, F. A.; Fabris, D.; Agris, P. F. Nucleic Acids Res. 2011, 39 (Data Base
Issue), D195–201.
(53) Kiss, T. EMBO J. 2001, 20, 3617–3622.
(54) Beal, P. A.; Maydanovych, O.; Pokharel, S. Nucleic Acids Symp Ser (Oxf). 2007,
51, 83−84.
(55) Hamma, T.; Ferré-D'Amaré, A. R. Chem. Biol. 2006, 13, 1125–1135.
(56) King, T. H.; Liu, B.; McCully, R. R.; Fournier, M. J. Mol. Cell. 2003, 11, 425−35.
(57) Bates, A. D.; Maxwell, A. DNA Topology; Oxford University Press: Oxford, NY,
2005, 1–7.
(58) Garrett, R. H.; Grisham, C. M. Biochemistry, 3rd ed.; Thomson Learning: Belmont,
CA, 2005, 320–321.
(59) Watson, J. D.; Crick, F. H. C. Nature 1953, 171, 737–738.
(60) Hunter, C. A.; Sanders, J. K. M. J. Am. Chem. Soc. 1990, 112, 5525–5534.
(61) Mignon, P.; Loverix, S.; Steyaert, J.; Geerlings, P. Nuc. Acids Res. 2005, 33, 1779–
1789.
(62) Sarkhel, A.; Rick, A.; Egli, M. J. Am. Soc. Chem. 2003, 125, 8998–8999.
(63) Record, M. T. Q. Rev. Biophys. 1978, 11, 103–178.
(64) Manning, G. R. Q. Rev. Biophys. 1978, 11, 179–246.
(65) Walter, A. E.; Turner, D. H.; Kim, J.; Lyttle, M. H.; Müller, P.; Mathews, D. H.;
Zuker, M. Proc. Natl. Acad. Sci. U.S.A. 1994, 91, 9218–9222.
(66) Pyle, A. M. J. Biol. Inorg. Chem. 2002, 7, 679–690.
(67) Eichhorn, G. L.; Butzow, J. J.; Shin, Y. A. J. Biosci. 1985, 8, 527−535.

25
(68) Fuller, W.; Wilkins, M. H. F. J. Mol. Biol. 1965, 12, 60–80.
(69) Ivanov, V. I.; Minchenkova, L. E. J. Mol. Biol. 1974, 87, 817–833.
(70) Nishimura, Y.; Torigoe, C.; Tsuboi, M. Nucleic Acids Res. 1986, 14, 2737–2748.
(71) Pohl, F. M.; Jovin, T. M. J. Mol. Biol. 1972, 67, 375–396.
(72) Rich, A.; Zhang, S. Nature Rev. Genet. 2003, 4, 566−572.
(73) Möller A.; Nordheim A.; Kozlowski S. A.; Patel D. J.; Rich A. Biochemistry, 1984,
23, 54−62.
(74) Zhou G. W.; Ho, P. S. Biochemistry, 1990, 29, 7229−7236.
(75) Sinden, R. R. DNA Structure and Function, 1st ed.; Academic Press: San Diego,
CA, 1994, 30–31.
(76) Eichhorn, G. L.; Shin, Y. A. J. Am. Chem. Soc. 1968, 90, 7323–7328.
(77) Kanvah, S.; Joseph, J.; Schuster, G. B.; Barnett, R. N.; Cleveland, C. L.; Landman,
U. Acc. Chem. Res. 2010, 43, 280−287.
(78) Gellert, M.; Lipsett, M. N.; Davies, D. R. Proc. Natl. Acad. Sci. USA 1962, 48,
2013–2018.
(79) Zimmerman, S. B.; Cohen, G. H.; Davies, D. R. J. Mol. Biol. 1975, 92, 181–192.
(80) Arnott, S.; Chandrasekaran, R.; Marttila, C. M. Biochem. J. 1974, 141, 537–543.
(81) Howard, F. B.; Frazier, J.; Miles, H. T. Biopolymers 1977, 16, 791–809.
(82) Zhang, D.; Fujimoto, T.; Saxena, S.; Yu, H.; Miyoshi, D.; Sugimoto, N. Biochemistry
2010, 49, 4554–4563.
(83) Tinoco, I. J.; Bustamante, C. J. Mol. Biol. 1999, 293, 271–281.
(84) Gonzalez, R. L.; Tinoco, I. J. Methods Enzymol. 2001, 338, 421–443.
(85) Batey, R. T. Science 2000, 287, 1232–1239.

26
(86) Cate, J. H.; Hanna, R. L.; Doudna, J. A. Nature Struct. Biol. 1999, 6, 553–558.
(87) Correll, C. C.; Freeborn, B.; Moore, P. B.; Steitz, T. A. Cell 1997, 91, 705–712.
(88) Cate, J. H.; Doudna, J. A. Structure 1996, 4, 1221–1229.
(89) Shiman, R.; Draper, D. J. Mol. Biol. 2000, 302, 79–91.
(90) Basu S, Rambo, R. P.; Strauss-Soukup, J.; Cate, J. H.; Ferré-D´Amaré, A. R.;
Strobel, S. A.; Doudna, J. A. Nature Struct. Biol. 1998, 5, 986–992.
(91) Lorsch, J. R.; Szostak, J. W. Biochemistry 1994, 33, 973–982.
(92) Wilson, R. W.; Rau, D. C.; Bloomfield, V. A. Biophys J. 1980, 30, 317–325.
(93) Korolev, N.; Lyubartsev, A. P.; Nordenskiold, L. J. Biomol. Struct. Dyn. 2002, 20,
275–290.
(94) Shkel, I. A.; Record, M. T. J. Biochemistry, 2004, 43, 7090–7101.
(95) Draper, D. E. RNA, 2004, 10, 335–343.
(96) Draper, D. E., Grilley, D.; Soto, A. M. Annu. Rev. Biophys. Biomol. Struct. 2005, 34,
221–243.
(97) Chu, V. B.; Bai, Y.; Lipfert, J.; Herschlag, D.; Doniach, S. Biophys. J. 2007, 93,
3202-3209
(98) Manning G. S. Q. Rev. Biophys. 1978, 11, 179–246
(99) Anderson, C. F.; Record, M. T. J., Hart. P. A. Biophys. Chem. 1978, 7, 301–316.
(100) Hud, N. V.; Polak, M. Curr. Struct. Biol. 2001, 11, 293–301
(101) Shui, X. Q.; McFail-Isom, L.; Hu, G. G.; Williams, L. D. Biochemistry 1998, 37,
8341–8355.
(102) Young, M. A.; Jayaram, B.; Beveridge, D. L. J. Am. Chem. Soc. 1997, 119, 59–69.
(103) Halle, B.; Denisov, V. P. Biopolymers 1998, 48, 210–233.

27
(104) Feig, M.; Pettitt, B. M. Biophys. J. 1999, 77, 1769–1781.
(105) Kielkopf, C. L.; Ding, S.; Kuhn, P.; Rees, D. C. J. Mol. Biol. 2000, 296, 787–801.
(106) Minasov, G.; Tereshko, V.; Egli, M. J. Mol. Biol. 1999, 291, 83–99.
(107) Chiu, T. K.; Dickerson, R. E. J. Mol. Biol. 2000, 301, 915–945.
(108) Anastassopoulou, J. J. Mol. Struct. 2003, 651–653, 19–26.
(109) Singh, V.; Fedeles, B. I.; Essigmann, J. M. RNA, 2015, 21, 1–13.
(110) Hanus, M.; Kabeláček, M.; Rejnek, J.; Ryjáček, F.; Hobza, P. J. Phys. Chem. B
2004, 108, 2087–2097.
(111) Lin, J.; Yu, C.; Peng, S.; Akiyama, I.; Li, K.; Lee, L. K.; LeBreton, P. R. J. Am.
Chem. Soc., 1980, 102, 4627–4631.
(112) Plützer, C.; Kleinermanns, K. Phys. Chem. Chem. Phys. 2002, 4, 4877–4882.
(113) Dreyfus, M.; Dodin, G.; Bensaude, O.; Dubois, J. E. J. Am. Chem. Soc., 1975, 97,
2369–2376.
(114) Nowak, M. J.; Lapinski, L.; Kwiatkowski, J. S.; Leszczynski, J. J. Phys. Chem.
1996, 100, 3527–3534.
(115) Thewalt, U.; Bugg, C. E.; Marsh, R. E. Acta Crystallogr., Sect. B 1971, 27,
2358−2363.
(116) Hanus, M.; Ryjáček, F.; Kabeláč, M.; Kubař, T.; Bogdan, T. V.; Trygubenko, S. A.;
Hobza, P. J. Am. Chem. Soc. 2003, 125, 7678–7688.
( 117 ) Colominas, C. Luque, F. J.; Orozco, M. J. Am. Chem. Soc., 1996, 118,
6811−6821.
(118) McClure, R. J.; Craven, B. M. Acta Crystallogr., Sect. B 1973, 29, 1234–1238.

28
(119) Fujinami, F.; Ogawa, K.; Arakawa, Y.; Shirotake, S.; Fuji, S.; Tomita, K.-I. Acta
Crystallogr. Sect. B 1979, 35, 968–970.
(120) Susi, H.; Ard, J. S.; Purcell, J. M. Spectrochim. Acta 1972, 29A, 725–733.
(121) Rejnek, J.; Hanus, M.; Kabeláč, M.; Ryjáčcek, F.; Hobza, P. Phys. Chem. Chem.
Phys. 2005, 7, 2006–2017.
(122) Parry, G. S. Acta Crystallogr. 1954, 7, 313–320.
(123) Gerdil, R. Acta Crystallogr. 1961, 14, 333–344.
(124) Ozeki, K.; Sakabe, N.; Tanaka, J. Acta Crystallogr., Sect. B 1969, 25, 1038–1045.
(125) Lippert, B.; Gupta, D. Dalton Trans. 2009, 24, 4619−4634.
(126) Löwdin, P.-O. Rev. Mod. Phys. 1963, 35, 724−732.
(127) Topal, M. D.; Fresco, J. R. Nature 1976, 263, 285−289.
(128) Ts’s, P. O. P. Basic Principles in Nucleic Acids Chemistry, Vol. 1.; Academic: New
York, 1974, 100-110.
(129) Rüterjans, H.; Kaun, E.; Hull, W. E.; Limbach, H. H. Nucleic Acids Res. 1982, 10,
7027−7039.
(130) Saenger, W. Principles of Nucleic Acid Structure, Springer-Verlag: New York,
1984.
(131) Yaniv, M.; Folk, W. R. J. Biol. Chem. 1975, 250, 3243−3253.
(132) Stolarski, R. ; Kierdaszuk, B.; Hagberg, C. E.; Shugar, D. Biochemistry 1987, 26,
4332–4337.
(133) Chatake, T.; Ono, A.; Ueno, Y.; Matsuda, A.; Takénaka, A. J. Mol. Biol. 1999, 294,
1215–1222.
(134) Gates, K. S. Chem. Res. Toxicol. 2009, 22, 1747–1760.

29
(135) Lindahl, T. Nature, 1993, 362, 709−715.
(136) Brégeon, D.; Doddridge, Z. A.; You, H. J.; Weiss, B.; Doetsch, P. W.; Mol. Cell,
2003, 4, 959−970.
(137) Gates, K. S. Chem. Res. Toxicol., 2009, 22, 1747−1760.
(138) David, S. S.; O’Shea, V. L.; Kundu S. Nature, 2007, 447, 941−950.
(139) Jeffrey, G. A.; Saenger, W. Hydrogen Bonding in Biological Structures, Springer:
New York, New York, 1991, 247−268.
(140) Beck, C. F.; Howlett, G. J. Mol. Biol. 1977, 111, 1−17.
( 141 ) Miller, W. H.; Robin, R. O.; Astwood, E. B. J. Am. Chem. Soc. 1945, 67,
2201−2204.
(142) Williams, R. H.; Bissell, G. W. Science 1943, 98, 156−158.
(143) Ortiga-Carvalho, T. M.; Hashimoto, K.; Pazos-Moura, C. C.; Greenen, D.; Cohen,
R.; Lang, R. M.; Wondisford, F. E. Endocrinology 2004, 145, 1625−1633.
(144) Gredilla, R.; Barja, G.; Lopez-Torres, M. Free Radical Res. 2001, 35, 417−425.
(145) Palumbo, A.; d’Ishia, M. Biochem. Biophys. Res. Commun. 2001, 282, 793−797.
(146) Sulkowska, A.; Równicka, J.; Bojko, B.; Sulkowski, W. J. Mol. Struct. 2003, 651,
133−140.
(147) Theodossiou, C.; Schwarzenberger, P. Am. J. Med. Sci. 2000, 319, 96−99.
(148) Macchia, M.; Barontini, S.; Bertini, S.; Di Bussolo, V.; Forli, S.; Giovannetti, E.;
Grossi, E.; Minutolo, F.; Danesi, R. J. Med. Chem. 2001, 44, 3994−4000.
(149) Elias, A. N. Med. Hypotheses 2004, 62, 431−437.

30
(150) Antoniadis, C. D.; Corban, G. J.; Hadjikakou, S. K.; Hadjiliadis, N.; Kubicki, M.;
Warner, S.; Butler, I. S. Eur. J. Inorg. Chem. 2003, 8, 1635−1640.
(151) Imam, D. R.; El-barbary, A. A.; Nielsen, C.; Pedersen, E. B. Monatsh. Chem.
2002, 133, 723−734.
(152) Abdel-Rahman, A. A. H.; Abdel-Megied, A. E. S.; Goda, A. E. S.; Zeid, I. F.; El
Ashry, E. S. H. Nucleosides Nucleotides Nucleic Acids 2003, 22, 2027−2038.
(153) Inazumi, M.; Kano, F.; Sakata, S. Chem. Pharm. Bull. 1992, 40, 1808−1813.
( 154 ) Castillo, J.; Benavente-Garcia, O.; Lorente, J.; Alcaraz, M. J.; Redondo, A.;
Ortuno, A.; Del Rio, J. A.; J. Agric. Food Chem. 2000, 48, 1738−1745.
(155) Salpin, J. -Y.; Guillamont, S.; Tortajada, J.; MacAleese, L.; Lemaire, J.; Maitre, P.
Chem. Phys. Chem. 2007, 8, 2235−2244.
(156) Bakker, J. M.; Sinha, R. K.; Besson, T.; Brugnara, M.; Tosi, P.; Salpin, J. -Y.;
Maitre, P. J. Phys. Chem. A 2008, 112, 12393−12400.
(157) Rostkowska, H.; Barski, A.; Szczepaniak, K.; Szczesniak, M.; Person, W. B. J.
Mol. Struct. 1988, 176, 137−147.
(158) Rostkowska, H.; Szczepaniak, K.; Nowak, M. J.; Leszczynski, J.; KuBulat, K.;
Person, W. B. J. Am. Chem. Soc. 1990, 112, 2147−2160.
(159) Graindourze, M.; Grootaers, T.; Smets, J.; Zeegers-Huyskens, T.; Maes, G. J.
Mol. Struct. 1990, 237, 389−410.
(160) Lapinski, L.; Rostkowska, H.; Nowak, M. J.; Kwiatkowski, J. S.; Leszczynski, J.
Vib. Spectrosc. 1996, 13, 23−40.
(161) Katritzky, A. R.; Baykut, G.; Rachwal, S.; Szafran, M.; Caster, K. C.; Eyler, J. J.
Chem. Soc., Perkin Trans. 2: Phys. Org. Chem. 1989, 10, 1499−1506.

31
(162) Katritzky, A. R.; Szafran, M.; Stevens, J. J. Chem. Soc., Perkin Trans. 2: Phys.
Org. Chem. 1989, 10, 1507−1511.
(163) Leś, A.; Adamowicz, L. J. J. Am. Chem. Soc. 1990, 112, 1504−1509.
(164) Rubin, Y. V.; Morozov, Y.; Venkateswarlu, D.; Leszczynski, J. J. Phys. Chem. A
1998, 102, 2194−2200.
(165) Lamsabhi, M.; Alcamí, M.; Mó, O.; Bouab, W.; Esseffar, M.; Abboud, J. L. -M.;
Yáñez, M. J. Phys. Chem. A 2000, 104, 5122−5130.
(166) Yang, Z.; Rodgers, M. T. J. Phys. Chem. A 2006, 110, 1455−1468.

32

7

5

6

7

5

9

4

6

1

8

8
9

4

5′
4′
4

1
2

2
3

3

1′
1

3′
2′

pdAdo and pAdo

5
6

4

pdGuo and pGuo
4

3

3

5

2

2

6

1

pdCyd and pCyd

1

pdThd
4

3

5
6

2
1

X = H for DNA
OH for RNA

pUrd
Figure 1.1 Structures of DNA and RNA mononucleotides. DNA includes 2'deoxyadenosine-5‘-monophosphate (pdAdo), 2‘-deoxyguanosine-5‘-monophosphate
(pdGuo),
2‘-deoxycytidine-5‘-monophosphate
(pdCyd),
and
thymidine-5‘monophosphate (pdThd). RNA includes adenosine-5‘-monophosphate (pAdo),
guanosine-5‘-monophosphate
g
p
p
(pGuo),
(p
) cytidine-5‘-monophosphate
y
p
p
(pCyd),
(p
y ) and uridine5‘-monophosphate (pUrd).

33

Uracil
Ura

2-Thiouracil
S2Ura

5-Methyl-2-Thiouracil
m5S2Ura

6-Methyl-2-Thiouracil
m6S2Ura

4-Thiouracil
S4Ura

2,4-Dithiouracil
S2,4Ura

Figure 1.2 Structures of uracil (Ura) and the thiouracils (SxUra).

34

2′
4′
3′

2′

1′

anti C3'-exo
conformation

Figure 1.3 Structural variations in mononucleotides.

4′

3′

1′

syn C2'-endo
conformation

35

CHAPTER 2 EXPERIMENTAL AND THEORETICAL SECTION
2.1 Experimental and Theoretical Approaches Overview
Infrared multiple photon dissociation (IRMPD) action spectroscopy is a novel ion
spectroscopy technique that makes use of the synergy of mass spectrometry and highpowered wavelength-tunable lasers, typically free electron lasers (FEL) or table-top
optical parametric oscillator/amplifier lasers (OPO) to probe the unique IR absorption
features of mass-selected ions via their IRMPD fragments. The mass spectrometer
used to perform such experiments is usually an ion trap based mass spectrometer,
which allows the mass-selected ions to be effectively irradiated by a high power IR
laser, thus achieving efficient IRMPD. The mass spectrometer used for all the
experiments included in this thesis is a Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR MS). The experimental IR spectrum, typically referred to as
IRMPD action spectrum, obtained using this method is then compared to theoretical
linear IR spectra calculated for stable conformations of the ion of interest using quantum
chemical calculations to determine the conformations of the ions accessed in the
experiments and to visualize the associated gas-phase structures. The combined
capabilities of these two methods make it a very powerful tool for fundamental
conformation studies of organic,1,2 inorganic,3,4 and biologically relevant molecules.5-9
Details of the instrumentation and theoretical methods used in this these dissertation
are described in the following sections.
2.2 Instrument Overview
A schematic of the FT-ICR MS interfaced to the free electron laser for infrared
experiments (FELIX), which has originally located at the FOM Institute for Plasma
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Physics “Rijnhuizen” and is currently located at the Radboud University Nijmegen, in the
Netherlands, is shown in Figure 2.1.10 The vacuum system comprises four regions that
are individually pumped: (1) the electrospray ionization (ESI) source and initial ion
accumulation region, (2) einzel and deflector lenses chamber (not shown in the
schematic), (3) electrostatic quadrupole bender chamber, and (4) ultra high vacuum
(UHV) rf octopole ion guide and ICR cell main chamber. The first two regions are
indepently pumped by 230 l/s turbomolecular pumps (Pfeiffer Vacuum Co., TMH-260),
whereas the last two chambers are independently pumped by 500 l/s turbomolecular
pumps (Pfeiffer Vacuum Co., TPU-510). All of the turbomolecular pumps are backed by
rotary vane pumps (Edwards, RV12), which have a 6 l/s pump speed. During operation
of the instrument, the pumping system maintain the inlet of the FT-ICR MS at ~3 Torr,
ion accumulation region at ~10-3 Torr, ion optic lenses region at ~10-5 Torr, quadrupole
bender chamber at ~10-6 Torr, rf octopole ion guide region at ~10-8 Torr, and the ICR
cell main chamber at ~10-9 Torr.11
2.3 Fourier Transform Ion Cyclotron Resonance Mass Spectrometer
Mass spectral analyses and infrared multiple photon dissociation (IRMPD)
experiments of the protonated and metal cationized nucleobase and deprotonated
mononucleotide complexes examined in this thesis were performed using a custom built
4.7 Tesla FT-ICR MS that has been described in detail elsewhere.11-13 A schematic
diagram of the instrumental setup is shown in Figure 2.1. These complexes were first
prepared in solution by dissolving the nucleobase or mononucleotide of interest, along
with acid, base, or a metal containing salt, in an equal ratio of water and methanol. The
specific compositions of these mixtures are described in sections 2.5.1 to 2.5.4. The
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ions of interest were generated and introduced into the FT-ICR MS using a Micromass
“Z-spray” ESI source. the analyte solution was infused at a flow rate of 10 μL/min and
the ESI needle was held at a voltage of approximately ±2−3 kV to generate positively or
negatively charged ions, depending on the polarity of the applied needle voltage. Ions
emanating from the ESI source enter the first vacuum region of the MS through a
limiting orifice cone inlet due to pressure differential and direct current (dc) potential
gradient between the ESI needle and the cone inlet. The cone inlet is mounted 90°
offset from the ion trajectory inside the instrument leading to the quadrupole bender to
prevent direct sampling of neutrals and unevaporated droplets from the ESI source.
Ions then enter through a skimmer cone and are transported to a 24 cm long radio
frequency (rf) hexapole ion trap for accumulation and thermalization, via multiple
collisions with the background gases, for several seconds to create an intense ion cloud
with a narrow well-defined kinetic energy distribution. The hexapole ion trap is typically
operated at ~1.6 MHz and 260 Vp-p. A dc bias of ~38 V is used to extract the ion cloud
from the hexapole ion trap. Directly following the hexapole, a stack of Einzel lenses
focus the ions concentrically, followed by two pairs of deflector lenses, vertical and
horizontal, that steer the ions into the dc quadrupole bender (Extrel GP-111). The
quadrupole bender is utilized to deflect the ion cloud 90° off-axis from the hexapole and
on-axis with the ICR cell and the magnetic field. The quadrupole bender also serves as
an apparatus for coupling different ionization sources to the FT-ICR MS. After the
quadrupole bender, a 1 m long rf octopole ion guide is used to radially confine and
efficiently transport the ion cloud to the ICR cell. The ICR cell, also known as a Penning
trap, is the heart of the instrument, and is surrounded by a 4.7 Tesla superconducting
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magnet. Ions entering the ICR cell are subject to the magnetic mirror effect, in which the
ions can be repelled by the high magnetic field. In addition, ions that possess high
kinetic energy can pass through the ICR cell and be neutralized on the wall of vacuum
chamber if effective trapping procedures are not implemented. Historically, fast high dc
potential switching of the trapping electrodes or gas pulse deceleration methods have
been employed to effectively trap the ions that enter the ICR cell. These methods,
however, can induce undesirable heating of the ions via interaction with the high
potential wall or collisions with the pulsed gas, which is a major concern for studies that
seek to probe the stable ground-state and low-energy structures of ions populated in a
room temperature distribution as performed in this thesis. To avoid internal heating of
the ions, a pulsed positive (or negative) DC bias is instead applied to the octopole ion
guide with relative ground potential on the ICR cell so that the ions are slowed down by
climbing the potential difference and easily captured by applying a low voltage on the
front and back trapping electrodes of the ICR cell as shown in detail in Figure 2.1. This
dc bias switching method is described in detail elsewhere.12 Ions captured in the ICR
cell are confined radially by the magnetic field and axially by a pair of constant dc
potential front and back trapping electrodes. Ions in the ICR cell undergo a circular
trajectory under the influence of the magnetic field and oscillate back and forth along the
axial direction of the ICR cell due to the conservation of their initial axial motion and the
repulsion of the dc potential well created by the front and back trapping electrodes. The
frequency of the circular trajectory or “cyclotron frequency” is unique for each ion of
different m/z and can be realized by balancing the two radial forces acting on the ions
as shown in Eqs. 2.1−2.3; the Lorentz force and the centripetal force.
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mv2xy
= zevxy Bo
r

(2.1)

mω2 r = zeBo ωr

(2.2)

ω=

zeBo
m

(2.3)

The initial cyclotron motion of the ions has a small concentric radius and is incoherent
for all ions, even those of the same m/z. An rf potential resonant with the cyclotron
frequency is applied to a pair of excitation plates to excite or “kick” the ions into an orbit
of larger radius via resonant absorption. As the ions attain a high orbiting radius, ions of
the same m/z become spatially coherent and form an ion packet. When the orbiting ion
packet is very close to the pair of detector plates, an image current is induced on both
plates and subsequently detected as a time domain signal. The m/z for each ion can
then be analyzed by Fourier transform of the time domain properties of the circular ion
trajectories into frequencies.14 Furthermore, ion(s) of interest can be mass selected and
isolated using the rf excitation method, stored waveform inverse Fourier transform
(SWIFT), to eject unwanted ions from the ICR cell. The mass-selected ions can then be
subjected to ion-molecule and ion-ion reactions or ion activation by a variety of ergodic
and non-ergodic techniques. 15 In our experiments, the trapped ions of interest are
isolated from the mixture of ionic species created in the ESI process using the SWIFT
technique. An intense beam of infrared photons generated by a free electron laser
(FEL) is directed into the ICR cell through a KRS-5 thallium bromo-iodide (TlBr-TLL)
window mounted on the back of the vacuum chamber (beyond the ICR cell), and
subsequently reflected by several mirrors to the center of the ICR cell. The laser beam
in the center of the ICR cell is reflected off the polished gold surface of the ICR cell in a
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multi-pass fashion, as shown in Figure 2.1, where the ion cloud trapped in this region
has the opportunity to overlap multiple times with the FEL and absorb a sufficient
number of IR photons, typically on the order of tens to hundreds, at the resonant normal
modes of vibration and undergo IRMPD. The dissociated or fragment ions (Ifi) and the
unreacted or precursor ions (Ip) are then mass analyzed and recorded, followed by
ejection out of the trap such that the ICR cell is ready for the storage of a new bunch of
ions from the source region. During the irradiation process, the hexapole ion trap is
continuously accumulating and thermalizing ions emanated from the ESI source. After
the fragment and precursor ions are ejected from the ICR cell, this fresh ion cloud is
pulse extracted from the hexapole and guided into the ICR cell for subsequent IRMPD
experiments. This method of continuous accumulation of ions in the hexapole greatly
improves the signal-to-noise ratio and duty cycle of the experiments.
2.4 Free Electron Laser
A free electron laser (FEL) is a widely tunable laser source where the gain
medium is a beam of accelerated free electrons rather than electrons excited from
atoms and molecules in typical condensed and gas phase gain media. Initially, a beam
of electrons is generated by an electron gun and accelerated to near relativistic speeds
by an rf linear accelerator (LINAC) that typically operates over the range of ~25−45 MeV
to cover the wavelength regions that are needed for the IR experiments performed here.
This beam of electrons is injected into an undulator (or wiggler) comprised of two rows
of periodic magnets with alternating polarities as shown in Figure 2.1. The Lorentz force
exerted by the two opposing polarities of the magnetic field causes the beam of
electrons to undergo sinusoidal oscillations (or wiggling motion). At every tangent of the
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wiggling motion, the electrons emit photons, or synchrotron radiation, that are captured
in an optical cavity created by the two mirrors at the front and back ends of the
undulator in Figure 2.1. Coherence between the synchrotron radiation captured in the
optical cavity and a fresh beam of electrons leads to stimulated emission, or lasing,
when the frequency of the light and electrons are in-phase with each other by tuning the
parameters of the undulator, i.e., the magnetic field between the two rows of magnets.2
The frequency of the free electron laser can be widely tuned by changing the magnetic
field of the undulator, which is usually achieved by altering the distance between the two
rows of magnets using a stepper motor. The resultant frequency of the radiation is
determined by Eqs. 2.4−2.6,
λ=

λu
1+K2
2
2γ

K=

eBu λu
2πmo c

γ=1/ 1-v2 /c2

(2.4)
(2.5)
(2.6)

where λu and Bu are the frequency (wavelength) and magnetic field of the undulator,

mo is the rest mass of electron, γ is the Lorentz factor, c is the speed of light, and v is
the relative velocity in the inertial reference frame.16
FELIX possesses two undulators that provide the capability of covering the
wavelength region from 5 to 250 μm, or 2000−40 cm-1. The bandwidth can be tuned
between 0.4% and 7% of the central wavelength. A schematic of the FELIX setup is
shown in Figure 2.2. Electrons are generated by an electron gun (injector) and shaped
into a bunch of electrons by a prebuncher and buncher at ~3.8 MeV. The bunched
electrons are accelerated by the first LINAC, LINAC 1, to a kinetic energy of 15−25 MeV
and injected into the first undulator, FEL-1, to generate synchrotron radiation in the
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region between 16−250 μm. To generate light in the 5−30 μm region, a second LINAC,
LINAC 2, is used to further accelerate the electron bunch to a kinetic energy of 25−45
MeV and injected into the second undulator, FEL-2. The experiments performed in this
thesis all employ LINAC 2 and FEL-2. A dielectric coated mirror can be used in FEL-2 to
extend the wavelength range down to 2.7 μm by allowing lasing of the third harmonic.
Both undulators were constructed using samarium-cobalt permanent magnets forming
38 field periods of 65 mm length. The optical cavity consists of two gold mirrors placed
at opposite ends of the undulator. Unlike many other synchrotron radiation facilities,
after traversing through the undulator, the bunch of electrons are deflected and dumped
into a radiation waste dump made of lead bricks. The intense synchrotron radiation
captured within the optical cavity is allowed to exit via a small hole in the gold mirror.
The light exiting the optical cavity is transported via a series of deflecting mirrors inside
a vacuum beam line to one of the user stations for infrared absorption experiments.
Because FELIX is operated using rf LINACs, the output is a series of macropulses of 5–
10 μs duration that are separated by 200 ms, and each macropulse is comprised of a
train of micropulses that can be varied between 0.3−5 ps that are spaced by 1 ns. Each
macropulse is capable of providing a total energy of up to 100 mJ at a repetition rate up
to 10 Hz. Therefore, the linewidth of the FEL is Fourier-limited according to the
micropulse duration. The average power in the macropulses is on the order of 10 kW,
whereas the peak power in the micropulses lies in the MW range. The wavelength
tunability and radiation power of FELIX is currently unparalleled by other table top lasers,
although they are moderately competitive over the hydrogen-stretching region, and is
essential for the photodissociation of the biomolecular ions examined in this thesis.
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Utilizing the wide tunability of the FEL, an IRMPD action spectrum can be
obtained by scanning the FEL frequency and recording the fragment (Ifi) and precursor
(Ip) ion intensities after laser irradiation at each frequency. An IRMPD yield is
determined from the ion intensities as shown in Eq. 2.7 and plotted as a function of the
FEL frequency.
IRMPD Yield=

∑i Ifi
Ip + ∑i Ifi

(2.7)

The IRMPD action spectrum is similar, but not equivalent, to a typical linear IR
absorption spectrum due to the multiple photon absorption nature of the IRMPD
technique. Details of the operating parameters for each of the experiments conducted
here are described in sections 2.5.1 to 2.5.4.
2.5 Experimental and Theoretical Procedures
In order to visualize the low-energy structures available to the systems of
interest, facilitate interpretation of the measured IRMPD action spectra, and determine
the structures accessed in the experiments, computational calculations were performed
for the protonated and sodium cationized forms of the relevant nucleobases and
deprotonated forms of the mononucleotides at both the molecular mechanics and
quantum

mechanics

levels.

These

calculations

were

carried

out

using

the

HyperChem,17 Gaussian 03,18 and 0919 suites of programs. Molecular mechanics (MM)
calculations using a simulated annealing procedure were first carried out for high
complexity molecules, i.e. the deprotonated DNA and RNA mononucleotides, to probe
the potential energy surface for candidate structures at various local minimums.
Geometry optimizations at quantum mechanics level were then carried out using a
hybrid functional comprising the Becke’s three-parameter exchange correlation
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functional 20 and Lee-Yang-Parr’s non-local correlation functional, 21 with Pople’s splitvalence basis set, 6-31g(d),22,23 or commonly known as the B3LYP/6-31G(d) level of
theory, to optimize all stable low-energy conformers of the nucleobase and
mononucleotide complexes. This computational modeling method is employed here due
to its popularity in quantum chemistry and ability to provide reliable optimized structures
for a variety of biologically relevant metal-ligand complexes in previous works.24-31 This
level of theory was also used to calculate theoretical harmonic vibrational frequencies
that are used to predict the linear IR absorption spectrum and facilitate interpretation of
the experimental IRMPD action spectra. Single point energy calculations were
subsequently carried out on the optimized structures using an extended basis set, 6311+G(2d,2p). In addition to B3LYP, several other quantum chemistry models were
examined to accurately determine their relative energies, and to evaluate and validate
the efficacy of the computational methods employed. These include Becke’s threeparameter exchange correlation functional with Perdew 86 correlation functional
(B3P86),32 the hybrid functional of Zhao and Truhlar (M06),33 and second order MøllerPlesset perturbation theory (MP2).34,35 Details of the quantum chemistry models used
for each study are described in sections 2.5.1 to 2.5.4. The relative stabilities of the
ground-state and stable low-energy conformers for each of the complexes are reported
as relative enthalpies including zero-point energy (ZPE) corrections. Because all of the
complexes are formed and subsequently probed experimentally at room temperature,
the relative Gibbs free energies at 298 K were also determined and included in the
theoretical results.

Zero-point energy and thermal energy corrections are obtained

using the vibrational frequencies and standard formulas at 298 K. It has previously
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been established that the harmonic vibrational frequencies calculated at the
B3LYP/6-31G(d) level of theory requires a scaling factor to correct for the inaccuracies
in the computed frequencies.36-38 Although recommended scaling factors for different
basis sets have been published, they were designed to uniformly scale all functional
groups with a single scaling factor. In reality, the scaling factors only work well when the
various functional groups present do not exhibit significant deviations from the ideal
harmonic approximations used to compute the frequencies. Therefore, we have
employed a variety of scaling factors that best fit our measured IRMPD action spectra.
These scaling factors are detailed in sections 2.5.1 to 2.5.4.
2.5.1 Protonated Uracil and Thiouracils
Studies of the protonated forms of uracil and a series of modified uracils are
described in Chapter 3. The nucleobases examined in this work include: uracil (Ura),
2-thiouracil (S2Ura), 5-methyl-2-thiouracil (m5S2Ura), 6-methyl-2-thiouracil (m6S2Ura),
4-thiouracil (S4Ura), and 2,4-dithiouracil (S2,4Ura). All samples were obtained from
Sigma Aldrich (Zwinjndrecht, Netherlands). The protonated forms of these nucleobases
were generated from solutions containing 2 mM of the relevant nucleobase and 1−4 mM
of acetic acid in an approximately 50%:50% MeOH/H2O mixture that were introduced
into the FT-ICR MS using an ESI source. The protonated nucleobases were mass
selected using SWIFT techniques and irradiated by the FEL at pulse energies of ~40 mJ
per macropulse of 5 μs duration for 3 s, corresponding to interaction with 15
macropulses over the wavelength range extending from 9.9 μm (1010 cm-1) to 5.2 μm
(1923 cm-1). Each of the protonated nucleobases containing a carbonyl functionality,
i.e., all complexes investigated here except H+(S2,4Ura), were also irradiated for 7 s
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(interaction with 35 macropulses) in the vicinity of the carbonyl stretching region; the
wavelength range extending from 6.0 μm (1667 cm-1) to 5.2 μm (1923 cm-1).
All possible tautomers of neutral and protonated uracil and the five thiouracils
were examined and are illustrated in Figure 3.2 of Chapter 3. All stable structures were
optimized and harmonic vibrational frequencies calculated at the B3LYP/6-31G(d) level
of theory using the Gaussian 03 suite of programs.18 Single point energy calculations
carried out at the B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) levels of theory
were used to determine the relative enthalpies and Gibbs free energies at 298 K of each
conformer and the 12 most stable conformers of the protonated complexes, see Figure
3.3 of Chapter 3, Theoretical linear IR spectra were generated using the calculated
harmonic vibrational frequencies with a scaling factor of 0.96, corresponding to the
scale factor recommended for vibrational frequencies by Foresman and Frisch39, and
convolution with a 20 cm-1 fwhm Gaussian line shape.
2.5.2 Sodium Cationized Uracil and Thiouracils
Studies of the sodium cationized forms of uracil and the same series of modified
uracils were also undertaken and are described in Chapter 4. The sodium cationnucleobase complexes were formed from solutions containing 1 mM of the nucleobase
and 1 mM of sodium chloride in an approximately 50%:50% MeOH/H2O mixture. The
mass selected sodium cation-nucleobase complexes were irradiated by the FEL at
pulse energies of ~40 mJ per macropulse of 5 μs duration for 3 s, corresponding to
interaction with 15 macropulses over the wavelength range extending from 10.5 μm
(950 cm-1) to 5.2 μm (1923 cm-1).
Similar to the procedures described in section 2.5.1, binding of a sodium cation
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to all possible tautomers of neutral uracil and the five thiouracils, Figure 3.2 of Chapter
3, and at all possible binding sites were examined. Structures of the sodium cationnucleobase complexes were optimized and harmonic vibrational frequencies calculated
at the B3LYP/6-31G(d) level of theory using the Gaussian 03 suite of programs.18
Based on results for the protonated systems, described in Chapter 3, the relative
stabilities determined at the B3LYP level of theory were deemed more reliable than
those computed using MP2(full) theory. Therefore, single point energy calculations were
carried out only at the B3LYP/6-311+G(2d,2p) level of theory for these systems.
Theoretical harmonic vibrational frequencies were scaled by a factor of 0.96 and
convoluted with a 20 cm-1 fwhm Gaussian line shape to generate theoretical linear IR
spectra for comparisons.
2.5.3 Deprotonated DNA Mononucleotides
Studies of the deprotonated forms of the canonical DNA monoucleotides, 2’deoxyadenosine-5’-monophosphate
(pdCyd)

(pdAdo),

2’-deoxycytidine-5’-monophosphate

2’-deoxyguanosine-5’-monophosphate

monophosphate
monophosphate,

(pdThd)

are

described

in

(pdGuo),

Chapter

2’-deoxycytidine-5’-monophosphate,

5.

and

thymidine-5’-

2’-Deoxyadenosine-5’2’-deoxyguanosine-5’-

monophosphate, and thymidine-5’-monophosphate disodium salt hydrate in pure solid
forms were obtained from Sigma Aldrich (Zwinjndrecht, Netherlands). Solutions
containing 1−2 mM of the relevant DNA mononucleotide in an approximately 50%:50%
MeOH:H2O mixture were infused into the ESI source to produce the deprotonated forms
of the DNA mononucleotides. The mass isolated deprotonated DNA mononucleotide
ions were irradiated by the FEL at pulse energies of ~40 mJ per macropulse of 5 μs
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duration at a repetition rate of 5 Hz for 2 s, corresponding to interaction with 10
macropulses, over the wavelength range extending from ~16.8 μm (600 cm-1) to 5.5 μm
(1800 cm-1).
Due to the conformational flexibility of the deprotonated DNA mononucleotides, a
simulated annealing procedure was first carried out to search for low-energy candidate
structures, and followed by high level density functional theory (DFT) and ab initio
calculations. The annealing procedure was carried out using HyperChem software17
with the AMBER2 force field. Structures of interest underwent 300 cycles of simulated
annealing, where each cycle involved 0.3 ps of thermal heating from 0 to 1000 K, the
simulation temperature. The ion was then allowed to sample conformational space at
this temperature for 0.2 ps. The system was then gradually cooled down to 0 K over a
period of 0.3 ps. The resulting structure was optimized to a local minimum using the
Amber2 force field. A molecular mechanics calculation was performed every 0.001 ps in
each cycle, and a snapshot of the lowest energy structure at the end of each cycle was
saved and used to initiate the subsequent cycle. All structures within 50 kJ/mol of the
most stable structure computed, as well as additional plausible low-lying conformers
that chemical intuition suggested might possibly be important were optimized and
harmonic vibrational frequencies calculated using the Gaussian 03 suite of programs.
To properly describe the excess electron density available to these species as well as
intramolecular hydrogen-bonding interactions, the initially optimized B3LYP/6-31G(d)
structures were subjected to further geometry optimization using the B3LYP model and
a large basis set, 6-311+G(d,p) that includes additional diffuse and polarization
functions. Single-point energy calculations were first carried out at the B3LYP/6-
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311+G(2d,2p) level of theory on all optimized structures to identify low-energy
conformers and to reduce computational cost. All conformers found within 15 kJ/mol of
the ground-state conformer for each deprotonated DNA mononucleotide at this level of
theory were then also calculated at the B3P86, M06, and MP2(full) levels of theory
using the 6-311+G(2d,2p) basis set to examine trends in the various low-energy
conformations of the deprotonated DNA mononucleotides and to evaluate the strengths
and weaknesses in each theory. Relative enthalpies and Gibbs free energies at 298 K
for each level of theory were determined by including zero-point vibrational energy
(ZPE) and thermal corrections calculated at the B3LYP/6-311+G(d,p) level of theory. In
previous theoretical and IRMPD studies of ions possessing a phosphate moiety,28,25,40
unscaled theoretical harmonic frequencies were found to provide the best match to the
P=O and P−O stretching modes, but red shifted as compared to the non-phosphate
vibrational modes in the IRMPD study of protonated phosphorylated amino acids by
Ohanessian and coworkers. Therefore, two different scaling factors, 0.974 for
frequencies above 1300 cm-1 and 1.00 for frequencies below 1300 cm-1, were applied to
the calculated harmonic frequencies to generate the theoretical linear IR spectra, along
with the calculated single-photon IR absorption intensities. Before comparison with the
measured IRMPD spectra, the calculated vibrational frequencies were convoluted with a
20 cm-1 fwhm Gaussian line shape.
2.5.4 Deprotonated RNA Mononucleotides
Studies of the deprotonated forms of the canonical RNA monoucleotides,
adenosine-5’-monophosphate (pAdo), cytidine-5’-monophosphate (pCyd) guanosine-5’monophosphate (pGuo), and uridine-5’-monophosphate (pUrd) are described in
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6.

The

mononucleotide

precursors,

adenosine-5'-monophosphate

monohydrate, guanosine-5'-monophosphate disodium salt hydrate, and uridine-5'monophosphate were obtained from Sigma Aldrich (Zwinjndrecht, Netherlands),
whereas cytidine-5'-monophosphate was obtained from Tokyo Chemical Industry (TCI)
and used without further purification. Solutions containing 1−2 mM of the RNA
mononucleotide in an approximately 50%:50% MeOH:H2O mixture were introduced into
the Micromass “Z-spray” ESI source via direct infusion to produce the deprotonated
forms of the RNA mononucleotides. The mass isolated deprotonated RNA
mononucleotide ions were irradiated by the FEL at pulse energies of ~40 mJ per
macropulse of 5 μs duration at a repetition rate of 10 Hz for 3−4 s, corresponding to
interaction with 30−40 macropulses, over the wavelength range extending from ~17.5
μm (571 cm-1) to 5.3 μm (1887 cm-1).
Simulated annealing and quantum chemical calculations to characterize the
stable low-energy structures, estimate their relative stabilities, and predict their linear IR
spectra were carried out using the same procedures employed for the DNA
mononucleotides, section 2.5.3, using HyperChem software17 and the Gaussian 09
suite of programs,19 respectively; the B3LYP/6-311+G(d) level of theory for geometry
optimization and vibrational frequency calculations, and the B3LYP, B3P86, M06, and
MP2(full) levels of theory with extended 6-311+G(2d,2p) basis set for relative energetics
of the stable low-energy structures. Two different scaling factors, 0.978 for frequencies
above 1300 cm-1 and 1.00 for frequencies below 1300 cm-1, are applied to the
calculated harmonic frequencies and used along with the calculated single-photon IR
absorption intensities to generate theoretical linear IR spectra. Before comparison with
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the measured IRMPD spectra, the calculated vibrational spectra are convoluted with a
20 cm-1 fwhm Gaussian line shape.
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Figure 2.1
2 1 Schematic of the Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR
(FT ICR MS) interfaced to
the free electron laser for infrared experiments (FELIX).
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Figure 2.2
2 2 Schematic of the free electron laser for infrared experiments (FELIX)
(FELIX). [Courtesy of Dr
Dr. Jos Oomens at the
Radboud University Nijmegen, in the Netherlands].
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Figure 2.3
2 3 Schematic describing the pulsed nature of FELIX
FELIX. [Courtesy of Dr
Dr. Jos Oomens at the Radboud University
Nijmegen, in the Netherlands].
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CHAPTER 3 INFRARED MULTIPLE PHOTON DISSOCIATION ACTION
SPECTROSCOPY OF PROTONATED URACIL AND THIOURACILS: EFFECTS OF
THIOKETO-SUBSTITUTION ON GAS-PHASE CONFORMATION
Portions of this chapter were reprinted with permission from Nei, Y.-w.; Akinyemi, T. E.;
Steill, J. D.; Oomens, J.; Rodgers, M. T. Infrared Multiple Photon Dissociation Action
Spectroscopy of Protonated Uracil and Thiouracils: Effects of Thioketo-Substitution on
Gas-Phase Conformation. Int. J. Mass Spectrom. 2010, 297, 139−151. Copyright 2010
Elsevier B. V.
3.1 Introduction
In the current chapter, a systematic study on the interactions of uracil (Ura) and
five thiouracils (SxUra), where SxUra = 2-thiouracil (S2Ura), 5-methyl-2-thiouracil
(m5S2Ura), 6-methyl-2-thiouracil (m6S2Ura), 4-thiouracil (S4Ura), and 2,4-dithiouracil
(S2,4Ura) with protons have been examined, in an attempt to understand the intrinsic
effects of thioketo substitution on the structure and stability of uracil. The motivation and
significance of this study is discussed in detail in Chapter 1. In order to definitively
determine the ground-state and low-energy tautomeric conformations of the protonated
forms of these nucleobases, the IRMPD action spectra of these complexes are
investigated and compared to linear IR spectra of the low-energy structures of these
protonated complexes derived from theoretical electronic structure calculations
performed at the B3LYP/6-31G(d) level of theory.
3.2 Results
3.2.1 IRMPD Pathways
IRMPD of the H+(Ura) and H+(SxUra) complexes results in the formation of a
variety of product ions, which are listed in Table 3.1. The loss of NH3 was observed
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throughout the entire series. Sequential loss of CO from this primary fragment ion was
observed only in the case of H+(S2Ura) and H+(m6S2Ura). The loss of HOCN was
observed for H+(Ura) and H+(S4Ura), whereas the loss of HSCN was observed for
H+(S2Ura) and H+(S2,4Ura). Although not definitive in several cases, these latter neutral
losses appear to arise from C2 and N3 of the ring with their respective functional
groups. Interestingly, the formation of C3SH+ is only observed for the H+(S4Ura) and
H+(S2,4Ura) complexes, suggesting that this fragment probably arises from the 4thioketo moiety. IRMPD of H+(S4Ura) also occurs via two additional fragmentation
pathways, the loss of C2H3 and formation of HSCN+, in addition to the products
mentioned above. It is also worth mentioning that the IRMPD pathways observed for
each system investigated here exhibit the same wavelength dependence.
3.2.2 IRMPD Action Spectra
IRMPD spectra were obtained for H+(Ura) and H+(SxUra), where SxUra = S2Ura,
m5S2Ura, m6S2Ura, S4Ura, and S2,4Ura, over the range from ~1000 to 1900 cm-1 , using
the reactant and product ion intensities after FEL irradiation at each frequency and
equation 2.7 as detailed in Chapter 2, and are shown in Figure 3.1. The experimental
method and parameters used are discussed in detail in section 2.5.1 of Chapter 2. As
can be seen in the figure, these complexes exhibit both similar and distinct spectral
features. The absence of an intense carbonyl stretch at ~1825 cm-1 for the H+(Ura),
H+(S2Ura), H+(m5S2Ura), and H+(m6S2Ura) complexes is a clear indication that the
binding of a proton results in preferential stabilization of an alternative tautomer where
the keto, (thioketo) functional groups have been converted to hydroxyl (sulfhydryl)
groups in these complexes. Upon thioketo-substitution at the 2-position of H+(Ura), the
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spectrum becomes slightly more complex and features in the range from ~1450 to 1650
cm-1 are severely broadened. Methylation at the 5-position of H+(S2Ura) results in
slightly red shifted, but better resolved, spectral features between ~1450 and 1650 cm-1,
while new distinct features arise over the range from ~1100 to 1400 cm-1. Methylation at
the 6-position of H+(S2Ura) results in similar behavior, red shifting, but only slightly
resolved peaks between ~1450 and 1650 cm-1 as compared to H+(S2Ura). Interestingly,
the new spectral features observed over the range between ~1100 and 1400 cm-1 upon
5-methylation are not observed when the methyl group is substituted at the 6-position,
i.e., it is easy to distinguish the site of methylation in the IRMPD action spectra of these
systems. The IRMPD action spectrum of H+(S4Ura) is markedly different than the
spectra for H+(Ura) and H+(S2Ura) and its methylated analogs. The H+(S4Ura) complex
is the only nucleobase examined here that exhibits a carbonyl stretch at ~1825 cm-1.
This suggests that the binding of a proton to 4-thiouracil is very different than to uracil
and 2-thiouracil. Finally, as expected the IRMPD action spectrum of H+(S2,4Ura) exhibits
distinct features that differ markedly from the other five IRMPD spectra due to the
substitution of both oxygen atoms by sulfur atoms. Unfortunately, it is difficult to
distinguish whether 2,4-dithiouracil retains a thioketo group upon binding of a proton
from its IRMPD action spectrum, because unlike the carbonyl functional group, the
thioketo moiety does not exhibit a strong IR absorption band. Because the IRMPD yield
is obtained by calculating the fragmentation yield of each protonated complex,
comparison of the IRMPD yields in Figure 3.1 provides insight into the relative stability
and reactivity of each protonated complex as a function of thioketo- and methylsubstitution of uracil. The IRMPD yield increases upon 2-thioketo substitution
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suggesting that this substitution increases the reactivity (or decreases the stability) of
uracil. Methylation at the 5- or 6-position of 2-thiouracil results in a decrease in the
IRMPD yield, suggesting that methylation decreases the reactivity of 2-thiouracil. In
contrast to that found for 2-thioketo substitution, the IRMPD yield decreases upon 4thioketo substitution suggesting that this substitution decreases the reactivity or
stabilizes uracil. In accordance with these observations, the IRMPD yield for H+(S2,4Ura)
is similar to that found for uracil as a result of the opposing tendencies of 2-thioketo and
4-thioketo-substitution.
3.2.3 Theoretical Results
Details of the computational methods used here are discussed in section 2.5.1 of
Chapter 2. The six most stable tautomeric forms of neutral uracil and the thiouracils at
the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d) level of theory are shown in Figure 3.2. In
all cases, the ground-state structure is the canonical tautomer, a, whereas the next
most stable tautomers are 25.8–45.6 kJ/mol higher in free energy. Based on the relative
stabilities of the neutral nucleobases and the results of previous theoretical studies,
protonation of the canonical a tautomers is expected to occur preferentially at the O4 or
S4 positions.1,2 However, it should be kept in mind that all complexes were produced by
electrospray ionization (ESI) from polar solutions, and the relative stabilities of the
various tautomers can vary markedly in polar solvents and may be strongly influenced
by protonation. A similar IRMPD spectroscopic and theoretical study of protonated uracil
by Salpin and coworkers 3 found that the ground-state conformation of H+(Ura) is a
dihydroxy tautomer, corresponding to protonation of a keto-hydroxy tautomer rather
than the canonical diketo tautomer of uracil.

64
The 12 most stable tautomeric forms of H+(Ura) and the H+(SxUra) complexes
based on theoretical calculations at the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d) level
of theory are shown in Figure 3.3. Enthalpies and Gibbs free energies of these species
relative to the ground-state tautomeric conformation calculated at the B3LYP/6311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) levels of theory, including zero point
energy (ZPE) and thermal corrections at 298 K, are listed in Table 3.2 for H+(Ura) and
the five H+(SxUra) complexes investigated here. As can be seen in Table 3.2, the
absolute relative stabilities of the various tautomeric conformations of each of the
protonated nucleobases differ slightly between the B3LYP and MP2(full) theories, but
the trends in the relative stabilities are generally preserved. Further, discrepancies
between the B3LYP and MP2(full) results are generally small and primarily occur for
relatively high-lying tautomeric conformations, which are unlikely to be accessed in the
IRMPD experiments. A significant exception to this agreement is found for the
H+(S4Ura) complex, where the relative stabilities of the three most stable tautomeric
conformations differ. Because the B3LYP calculations are more exhaustive, and the
MP2(full) results generally parallel the B3LYP results, the following discussion is based
on the B3LYP results except as noted.
In all cases except for 4-thiouracil, the most stable tautomeric conformation of the
protonated nucleobase is the A conformer shown in Figure 3.3, where the hydrogen
atoms are bound to the N1, O2 (S2), and O4 (S4) positions, with both of the O2 (S2)
and O4 (S4) hydrogen atoms oriented toward the adjacent N3 group. Consistent with
the other nucleobases, the MP2(full) results suggest that A is also the ground-state
tautomeric conformation of H+(S4Ura). Compared to the tautomeric forms of the neutral
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nucleobases shown in Figure 3.2, this conformer must arise from the binding of a
proton to the c (keto-hydroxy, thioketo-hydroxy or thioketo-sulfhydryl tautomer) or e
(hydroxy-keto, sulfhydryl-keto, or sulfhydryl-thioketo tautomer) conformers, which lie
42.5 to 52.6 kJ/mol and 67.1 to 78.9 kJ/mol higher in free energy than the ground-state
canonical tautomeric conformations, respectively. Alternatively, protonation could also
occur to the canonical tautomer, a, at the 4-position, followed by proton transfer and
rearrangement facilitated by the polar solvent or acid catalyzed reaction, resulting in the
more stable protonated A conformer. In contrast, the ground-state structure of
protonated 4-thiouracil corresponds to the B conformer, which results from the binding
of a proton at the S4 position of the canonical keto-thioketo conformer of 4-thiouracil
with the proton directed away from the adjacent N3H group. The ground-state structures
determined here for H+(Ura), H+(2SUra), H+(4SUra), and H+(S2,4Ura) are consistent with
those previously identified4-6 using different basis sets and level of theories. Based on
the computed ground-state conformers of the protonated nucleobases, the absence of
the carbonyl stretch at ~1825 cm-1 in the IRMPD action spectra for the H+(Ura),
H+(S2Ura), H+(m5S2Ura), and H+(m6S2Ura) complexes is easily understood.
Only three low-energy conformers were found that lie within 20 kJ/mol of the
corresponding ground-state conformer for all complexes except H+(S2,4Ura), where five
such low-energy conformers were found. The theoretical linear IR spectra of these
conformers are compared to the experimental IRMPD action spectra to determine the
conformation(s) of the protonated complexes accessed in the experiments. The groundstate conformation and the three lowest-energy conformers of each protonated complex
and their relative Gibbs free energies are shown in Figures 3.4 through 3.9, along with
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their calculated linear IR spectra.
3.2.4 H+(Ura)
The ground-state structure of H+(Ura) is the A conformer shown in Figure 3.3,
where the hydrogen atoms are bound to the N1, O2, and O4 positions, and with both
the O2 and O4 hydrogen atoms oriented toward the adjacent N3 group. Proton binding
at the O4 position of the canonical diketo conformer, a, of uracil with the proton directed
away from the adjacent N3H group results in the B conformer, which is less favorable
by 5.6 kJ/mol of free energy compared to the ground A conformer. The next most stable
conformer, C, corresponds to a rotamer of the ground A conformer, where the hydrogen
atom at the O4 position is directed away from the adjacent N3 atom. Rotation of the
hydrogen atom at the O4 position destabilizes the complex by 16.2 kJ/mol relative to the
ground A conformer. The 4-hydroxyl rotamer of the first excited canonical B conformer,
where the hydrogen atom is directed toward the adjacent N3H group, the D conformer,
lies 16.5 kJ/mol above the ground A conformer.
3.2.5 H+(S2Ura)
The ground-state structure of H+(S2Ura) is the A conformer shown in Figure 3.3,
where the hydrogen atoms are bound to the N1, S2, and O4 positions, and with both the
S2 and O4 hydrogen atoms oriented toward the adjacent N3 atom. The first two excited
low-energy conformers of H+(S2Ura), the E and C conformers, are both rotamers of the
ground conformer A. In the first excited E conformer, the hydrogen atom at the S2
position is flipped away from the adjacent N3 atom, which destabilizes this conformer by
6.8 kJ/mol relative to the ground A conformer. The hydrogen atom at the O4 position is
oriented away from the adjacent N3 moiety in the next most stable conformer, C, which
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results in destabilization by 17.6 kJ/mol relative to the ground A conformer. Proton
binding to the canonical thioketo-keto a conformer at the O4 position with the proton
directed away from the adjacent N3H group, the B conformer, is less favorable than the
ground A conformer by 20.5 kJ/mol.
3.2.6 H+(m5S2Ura)
The low-energy structures of H+(m5S2Ura) are very similar to those of H+(S2Ura).
The ground-state structure of H+(m5S2Ura) is again the A conformer shown in Figure
3.3, where the hydrogen atoms are bound to the N1, S2, and O4 positions, and with
both the S2 and O4 hydrogen atoms oriented toward the adjacent N3 atom. The first
two excited conformers, E and C, are again rotamers of the ground A conformer. As
previously found for H+(S2Ura), rotation of the sulfhydryl group results in less
destabilization than rotation of the hydroxyl group, producing conformers that lie 6.1
kJ/mol (E) and 20.2 kJ/mol (C) above the ground A conformation, respectively. Binding
of a proton to the O4 position of the canonical thioketo-keto conformer, resulting in
conformer B, is 26.5 kJ/mol less favorable than the ground A conformer.
3.2.7 H+(m6S2Ura)
The relative stabilities of the low-energy conformers of H+(m6S2Ura) differ slightly
from those of H+(S2Ura) and H+(m5S2Ura). The ground-state conformer is again the A
conformer, whereas the first-excited conformer is again the sulfhydryl rotamer, E, which
lies 7.4 kJ/mol above the ground A conformer. However, the hydroxyl rotamer, C, which
lies 17.9 kJ/mol higher in free energy than the ground A conformer, is less favorable
than the protonated canonical thioketo-keto conformer, B, by 0.9 kJ/mol.
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3.2.8 H+(S4Ura)
The ground-state structure of protonated 4-thiouracil corresponds to the B
conformer shown in Figure 3.3, where the hydrogen atoms are bound to the N1, N3,
and S4 positions, and the S4 hydrogen atom is oriented away from the adjacent N3H
group. Similar to the other protonated nucleobases, three conformers within 20 kJ/mol
of the ground B conformer were found for H+(S4Ura). Rotation of the sulfhydryl group
towards the neighboring N3H moiety of the ground B conformer results in conformer D,
which lies 1.6 kJ/mol higher in energy. Although the ground B conformer of H+(S4Ura)
differs from that found for all of the other protonated complexes, the conformer
analogous to the ground A conformer of H+(Ura), H+(S2Ura), H+(m5S2Ura), H+(m6S2Ura),
and H+(S2,4Ura) only lies 3.0 kJ/mol above the ground protonated canonical ketothioketo tautomer, B. The sulfhydryl rotamer, conformer C, of this low-energy excited
conformer is just slightly less favorable, and lies 6.6 kJ/mol above the ground B
conformation. As discussed above, the MP2(full) results provide a different order of
relative stabilities for the low-energy conformers of H+(S4Ura). The MP2(full) results
suggest that the A conformer is the ground-state tautomeric conformation, while the B,
D, and C conformers lie 1.2, 3.3, and 4.0 kJ/mol higher in energy, respectively. The
change in the order of relative stabilities of these tautomeric conformations is likely the
result of their very similar stabilities. The preservation of the order of relative stabilities
for the other protonated nucleobase complexes is achieved because the low-energy
conformers differ more significantly in stability.

69
3.2.9 H+(S2,4Ura)
The ground-state structure of H+(S2,4Ura) is the A conformer shown in Figure
3.3, where the hydrogen atoms are bound to the N1, S2, and S4 positions, and both the
S2 and S4 hydrogen atoms oriented toward the adjacent N3 group. In contrast to other
protonated complexes, five conformers were found for the H+(S2,4Ura) complex that lie
within 20 kJ/mol of the ground A conformation. The first two excited conformers, C and
E, are both sulfhydryl rotamers of the ground A conformation, where the conformer that
results from rotation of the hydrogen atom at the S4 position away from the adjacent N3
atom, conformer C, is slightly more stable than the conformer derived from rotation of
the hydrogen atom at the S2 position, conformer E, which lie 3.7 and 6.7 kJ/mol above
the ground A conformer, respectively. Binding of a proton to the canonical dithioketo a
tautomer at the S4 position with the proton oriented away from the adjacent N3H group,
conformer B, lies 10.7 kJ/mol higher than the global minimum. Rotation of both
sulfhydryl groups at the S2 and S4 positions of the ground A conformer away from the
neighboring N3 atom results in a rotamer, conformer J, that lies 11.3 kJ/mol above the
ground A conformer. The sulfhydryl rotamer of the protonated canonical dithioketo
tautomer, conformer D, lies 12.1 kJ/mol above the ground A conformation.
3.3 Discussion
3.3.1 Comparison of Experimental and Theoretical IR Spectra of H+(Ura)
The experimental IRMPD action spectrum along with the calculated IR spectra
and structures of the four most stable tautomeric conformations found for the H+(Ura)
complex are compared in Figure 3.4. This comparison shows excellent agreement
between the IRMPD action spectrum and the calculated linear IR spectrum for the
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ground-state conformer, A. In particular, the bands at 1130 to 1250, 1355, 1500, and
1625 cm-1 match almost perfectly, confirming that the ground-state dihydroxy tautomer
is the dominant conformer accessed in the experiments. Comparison of the calculated
IR spectrum of the first excited protonated canonical diketo conformer, B, to the IRMPD
action spectrum shows no obvious similarity or contributions from IR features in the
region of 1100−1670 cm-1 from this tautomer. However, the presence of the weak band
in the IRMPD spectrum at ~1825 cm-1, which appears when the irradiation time is
extended from 3 to 7 s, corresponds to the carbonyl stretch, and the shoulder at
~1550−1600 cm-1 that corresponds well with the peak at ~1570 cm-1 of the first excited
conformer, B, suggest that this tautomer is present in very minor abundance in the
experiments. The calculated IR spectrum of the 4-hydroxyl rotamer of the ground
conformer, C, exhibits several bands that are red shifted compared to the ground
conformer, e.g., the bands at 1320, 1480, and 1610 cm-1, and one band at 1649 cm-1
that is blue shifted. These red and blue shifted bands are not observed in the IRMPD
action spectrum, as the presence of these bands would sufficiently broaden the
experimental spectrum. Therefore, this rotamer is most likely not present in the
experiments. This is a good example demonstrating the ability of B3LYP calculations
and IRMPD action spectroscopy to facilitate differentiation of hydroxyl rotamers.
Interestingly, the IR spectrum of the third excited conformer, D, exhibits many peaks
that correspond well with the experimental spectrum, specifically the small peaks at
~1210 and 1350 cm-1, and the large band at 1610 cm-1. However the peak at 1145 cm-1
is red shifted, and the peak at 1520 cm-1 is blue shifted compared to the experimental
spectrum. These comparisons suggest that the D conformer is also not accessed in the
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experiments. A transition state between the first and third excited conformers, B and D,
was located using the synchronous transit-guided quasi-Newton (STQN) method of
Peng et al.7 and lies 32.3 kJ/mol above the first excited B conformer (or 37.9 kJ/mol
above the ground A conformer). Although a small abundance of the first excited B
conformer may be accessed in the experiments, the excitation energy needed to
overcome the barrier to access the third excited D conformer exceeds the energy
available to this complex at room temperature. Therefore, the D conformer is most likely
not populated in the experiments.
Compared to the IRMPD spectrum of H+(Ura) acquired by Salpin et al.3 at the
Free Electron Laser facility of the Centre Laser Infrarouge d’Orsay (CLIO), France,
using an ESI quadrupole ion trap mass spectrometer, the IRMPD action spectrum
measured here is slightly blue shifted and exhibits slightly better agreement with theory
when the same scaling factor of 0.96 and 20 cm-1 fwhm Gaussian line shape is applied
to the vibrational frequencies of conformer A. The peaks at ~1180 and 1615 cm-1 in our
spectrum are slightly broader, and nicely match the coupling of the closely spaced
peaks in these regions and the small abundance of the first excited conformer. In both
IRMPD spectra, a weak absorption band is observed at ~1825 cm-1, confirming that a
small population of a protonated form of the canonical diketo tautomer of uracil is
accessed in the experiments.
The broad spectral feature in the measured IRMPD action spectrum and the
calculated spectrum for the ground A conformer of H+(Ura) at ~1130−1250 cm-1 is
composed of three absorption bands at 1150, 1185, and 1220 cm-1. These bands
correspond to the in-plane symmetric bending of both hydroxyl groups, in-plane bending
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of the 2-hydroxyl group, and the same bending motion by the 4-hydroxyl group,
respectively. The small peak observed at 1355 cm-1 is due to the mixed character mode
that arises from in-plane N1−H bending and asymmetric stretching of the C2=N3=C4
moiety. The IR absorption band at 1500 cm-1 corresponds to the C4−OH stretch. Finally,
the two IR absorption bands that result in the most intense peak in the experimental
spectrum are the C2−OH stretch (1615 cm-1), and a mixed character mode involving
coupling of C5=C6 and C2=N3 stretching (1640 cm-1).
3.3.2 Comparison of Experimental and Theoretical IR Spectra of H+(S2Ura)
The experimental IRMPD action spectrum is compared to the calculated IR
spectra and structures of the four most stable conformers found for the H+(S2Ura)
complex in Figure 3.5. The ground-state A conformer and the first excited 2-sulfhydryl
rotamer provide the best matches to the experimental IRMPD action spectrum.
Specifically the bands at 1125 and 1340 cm-1, and the broad IR feature at ~1440−1670
cm-1 in the measured IRMPD spectrum closely resemble the coupling of the four IR
absorption bands at 1465, 1510, 1565, and 1620 cm-1 of the calculated linear IR
spectra. It should be noted here that broadening of infrared absorption bands is often
observed in IRMPD spectra as a result of anharmonicity of the vibrational potential,
especially when two or more bands lie close to each other.8 Although such broadening
could potentially complicate the IRMPD spectrum, these spectral signatures may be
useful in understanding the effects of anharmonicity in the potential that may not be
easily predicted by theoretical calculations. Again, the calculated spectra do not allow
differentiation of the sulfhydryl rotamers. Although the bands in the theoretical spectrum
of the first excited E conformer at 1130 and 1240 cm-1 are slightly blue shifted, and the
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band at 1560 cm-1 is slightly red shifted compared to the theoretical spectrum of the
ground A conformer, these shifts are sufficiently small relative to the broadening of
spectral features in the measured IRMPD action spectrum that the presence or absence
of the first excited E rotamer (6.8 kJ/mol) cannot be ruled out. The transition state
between the A and E rotamers exhibits an activation energy of 27.9 kJ/mol, which just
slightly exceeds the average internal energy of the ground A conformer at room
temperature. Therefore, it is plausible that a small abundance of the first excited E
rotamer contributes to the experimental spectrum. As seen for H+(Ura), the theoretical
spectra permit differentiation of hydroxyl rotamers. Clearly, the hydroxyl rotamer of the
ground conformer, C, is not accessed in the experiments as the peaks at 1180 and
1225 cm-1 in the theoretical spectrum are not observed in the IRMPD action spectrum.
The relative energies of these species at 298 K, and the barrier to interconversion of the
A and C rotamers, suggest that the C rotamer is not accessed even though the
broadening at ~1440−1670 cm-1 makes the comparison in this region of the IR spectrum
difficult. Interestingly, the theoretical IR spectrum of the third excited conformer, the
thioketo-hydroxyl conformer, B, exhibits many IR features that fit well with the measured
IRMPD spectrum. In particular, the bands at 1420−1650 cm-1 are very similar to the
broadened region in the IRMPD spectrum, and the peak at 1150 cm-1 also corresponds
well. However, the absence of the peak or small shoulder at ~1230 cm-1 in the
experimental IRMPD action spectrum indicates that this conformer is most likely not
accessed in the experiments. Similar to that observed for the H+(Ura) complex, a very
minor band at ~1810 cm-1 is observed in the IRMPD spectrum of H+(S2Ura) when the
irradiation time is extended from 3 to 7 s. The presence of this band may suggest that a
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very minor population of a conformer possessing a free keto group is also accessed
under the experimental conditions employed. However, the intensity of this band does
not differ appreciably from the noise level in this region. In addition, the most stable
conformers possessing a free keto group, conformers G and I, are calculated to lie 27.0
and 28.7 kJ/mol above the ground A conformer. Together these results suggest that
either, the very minor band at ~1810 cm-1 can be attributed to noise, or that theory
underestimates the stability of these conformers.
Comparison of the IRMPD action spectrum to the theoretical IR spectrum of the
ground A conformer of H+(S2Ura) suggests that the small absorption band at 1130 cm-1
corresponds to the in-plane bending of O4−H and a very mild stretching of the C2−S
bond. The small shoulder at 1330 cm-1 corresponds to the mixed character modes
associated with in-plane N1−H bending, in-plane C6−H bending, and the asymmetric
stretching of C2=N3=C4. The four IR absorption bands that make up the broad spectral
feature at ~1440−1670 cm-1 in the IRMPD spectrum correspond to the symmetric
stretching of C2=N3=C4 (1468 cm-1); combined C4=C5 stretching and in-plane N1−H
bending modes (1510 cm-1); coupling of in-plane N1−H bending and aromatic ring
stretches (1568 cm-1); and the combination of C2=N3 stretching and C5=C6 stretching
at 1620 cm-1.
3.3.3 Comparison of Experimental and Theoretical IR Spectra of H+(m5S2Ura)
The experimental IRMPD action spectrum along with the calculated IR spectra
and structures of the four most stable conformers found for the H+(m5S2Ura) complex
are compared in Figure 3.6. Compared to the IRMPD action spectrum of H+(S2Ura), the
H+(m5S2Ura) spectrum exhibits more distinct IR absorption peaks over the range from

75
1080 to 1410 cm-1, while the spectral features in the range from 1410 to 1660 cm-1 are
better resolved. Thus, methylation at the 5-position not only enhances the IR absorption
of certain vibrations, it also leads to improved resolution of the spectral features in the
region between 1410 and 1660 cm-1. The calculated IR spectra of the ground and first
excited conformers, A and E, provide the best matches to the experimental spectrum.
However, several peaks are slightly red shifted as compared to the measured IRMPD
action spectrum. These shifts could simply be due to theory underestimating the
oscillator strength of these modes. Using the STQN method, an activation energy for
interconversion of these rotamers was found to lie 24.8 kJ/mol higher in energy than the
ground A conformer (and 18.7 kJ/mol higher than the first excited sulfhydryl rotamer, E).
The ground A conformer should have sufficient internal energy at room temperature to
overcome this relatively low barrier, making the first excited E rotamer readily
accessible. A relatively high activation energy (48.8 kJ/mol) is found between the
ground A conformer and the second excited hydroxyl rotamer, C. The high barrier is
consistent with the measured IRMPD action spectrum, which suggests that the C
conformer is most likely not accessed in the experiments. The absence of the 2thioketo-4-sulfhydryl conformer, B, as supported by the comparison of the measured
IRMPD action spectrum and the corresponding theoretical spectrum confirms that the
binding of a proton stabilizes an alternative tautomer of m5S2Ura rather than the
canonical thioketo-keto tautomer.
Comparison of the vibrational modes found from the DFT calculations to the
IRMPD action spectrum of H+(m5S2Ura) suggests that the in-plane O4−H bending
motion is observed in the peaks at 1100 and 1220 cm-1, and small shoulders at 1150
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and 1250 cm-1 along with C2−S stretching, C6−N1 stretching, C4−C5 stretching, and
C2−N1 stretching, respectively. The small broad feature at 1300−1410 cm-1 is
composed of three weak absorption bands that correspond to in-plane C6−H bending, a
mixed character mode involving C2=N3=C4 asymmetric stretching and in-plane N1−H
bending, and the in-phase symmetric bending of the C−H bonds. The intense band
observed at 1450 cm-1 is the result of two very closely spaced bands that are both
assigned to the wagging of the methyl group along with C4−O stretching and the
symmetric stretching of C2=N3=C4, respectively. The strong absorption band at 1520
cm-1 is slightly blue shifted compared to the peak in the theoretical spectrum that
corresponds to the mixed character mode associated with C2=N3 stretching, C4=C5
stretching, and in-plane N1−H bending at 1510 cm-1. The most intense band in the
experimental spectrum at 1570 cm-1 appears to arise from two unresolved bands in the
theoretical spectrum at 1560 and 1620 cm-1, which correspond to a mixed character
mode associated with in-plane N1−H bending and aromatic ring stretching, and the
combination of C5=C6 and C2=N3 stretching.
3.3.4 Comparison of experimental and theoretical IR spectra of H+(m6S2Ura)
The experimental IRMPD action spectrum along with the calculated IR spectra
and structures of the four most stable conformers found for the H+(m6S2Ura) complex
are compared in Figure 3.7. Interestingly, the IRMPD spectrum of H+(m6S2Ura) exhibits
greater similarity to the spectrum of H+(S2Ura) than that of H+(m5S2Ura). This suggests
that methylation at the 6-position has a less pronounced effect on 2-thiouracil than
methylation at the 5-position, i.e., no additional IR absorption peaks were observed in
the range of 1100−1420 cm-1, and the spectral features in the range of 1420−1660 cm-1

77
appear more congested. In this overall comparison, the theoretical spectra of the
ground-state A conformer and the first excited sulfhydryl rotamer, E, provide the best
agreement with the experimental spectrum. The transition state located between the A
and E rotamers confirms that the activation energy barrier (26.7 kJ/mol) is sufficiently
low that with the internal energy available to the ground A conformer at room
temperature, it is likely that a small abundance of the first excited sulfhydryl rotamer, E,
also contributes to the experimental spectrum. Comparison of the experimental
spectrum and the calculated IR spectrum of the third excited hydroxyl rotamer, B, along
with the high activation energy barrier found between the A and B rotamers (47.0
kJ/mol) again suggests that the B conformer is most likely not present in the
experiments. The poor match between the experimental spectrum and the calculated IR
spectrum of the thioketo-hydroxyl tautomer, C, is consistent with the behavior observed
in all other complexes except for H+(S4Ura), i.e., binding of a proton results in
stabilization of an alternative tautomer rather than the canonical thioketo-keto tautomer.
The small peak at 1140 cm-1 of the IRMPD spectrum of H+(m6S2Ura)
corresponds to in-plane O4−H bending and C2−S stretching, while the weak band at
1250−1300 cm-1 is most likely due to two adjacent IR absorptions that are calculated at
1235 and 1300 cm-1, which are assigned to the mixed character modes associated with
in-plane O4−H bending and C2=N3 stretching, and with C2=N3=C4 asymmetric
stretching and C6=N1 stretching. The low-intensity peak at 1470 cm-1 is due to the
symmetric stretching of C2=N3=C4 and the methyl group wagging mode. The broad IR
absorption band at 1500−1660 cm-1 is due to three unresolved bands calculated at
1510, 1560, and 1620 cm-1 associated with mixed character modes involving: C2=N3
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stretching, C4=C5 stretching, and in-plane N1−H bending; in-plane N1−H bending and
aromatic ring stretching; and C5=C6 and C2−N3 stretching, respectively.
3.3.5 Comparison of Experimental and Theoretical IR Spectra of H+(S4Ura)
The experimental IRMPD action spectrum along with the calculated IR spectra
and structures of the four most stable conformers found for the H+(S4Ura) complex are
compared in Figure 3.8. The IRMPD action spectrum is in very good agreement with
the calculated IR spectra of the ground B, and first excited D conformers. These two
conformers are merely rotamers of each other, and produce almost identical IR spectra
in contrast to the previous case, where the hydroxyl rotamers exhibit distinct features in
their IR spectra. Thus, the theoretical results suggest that sulfhydryl rotamers cannot be
differentiated spectroscopically. Although it is impossible to determine whether or not
the first excited D rotamer is accessed in the experiments by comparing the IRMPD
action spectrum to the calculated IR spectra, the relative stabilities of these two
conformers calculated at B3LYP/6-311+G(2d,2p) level of theory, as well as the
transition state located between the ground B conformer and the first excited rotamer,
D, (30.2 kJ/mol) using the method mentioned previously, suggest that this complex
should have sufficient internal energy at 298 K to interconvert the B and D rotamers.
Therefore, both the ground B conformer and its sulfhydryl rotamer, D, are most likely
accessed in the experiments. As mentioned in the theoretical results section, binding of
a proton to either the c or e tautomer of neutral 4-thiouracil results in the protonated A
tautomer, shown in Figure 3.8, which is only 3.0 kJ/mol less favorable than the ground
B conformer. The calculated IR spectra of the A tautomer and its sulfhydryl rotamer, C,
exhibit many similar spectral features that are present in the experimental spectrum;
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most notably the bands at 1120, 1200, and 1625 cm-1. The appearance of these bands
in the IRMPD spectrum may suggest that a small abundance of the second and third
excited conformers, A and C, were accessed in the experiments. Theoretical IR spectra
based on a statistically weighted averages of the calculated IR spectra of the B, D, A,
and C low-energy conformers based on their relative Maxwell-Boltzmann populations at
room temperature are compared with the experimental spectrum in Figure 3.10. Both
theories exhibit very good agreement between the thermally weighted theoretical
spectrum and the measured IRMPD spectrum, confirming that multiple conformers were
accessed in the experiments. However, the B3LYP spectrum provides a slightly better
fit to the measured spectrum in terms of the band positions, and also exhibits better
agreement with respect to the band intensities. This comparison suggests that the
relative stabilities computed for these low-energy tautomeric conformations of H+(S4Ura)
at the B3LYP level of theory are probably more reliable than those determined at the
MP2(full) level of theory.
In the calculated IR spectrum of the ground B conformer of H+(S4Ura), the three
weak IR absorption bands at 1090, 1155, and 1215 cm-1 correspond to the asymmetric
stretching of N1=C2=N3, mixed character modes involving C2=N3 stretching and inplane C5−H bending, and in-plane C6−H bending, respectively. Whereas those at
higher frequencies, 1420, 1480, and 1520 cm-1 are the result of in-plane N1−H bending,
in-plane N3−H bending, and the coupling of C4=C5 and N1=C6 stretching. The most
intense and characteristic peaks observed at 1585 and 1830 cm-1 are the C4=C5
stretch and the C2=O carbonyl stretch. In contrast, the IR absorption bands of the 2hydroxy-4-sulfhydryl second excited A conformer are more complicated and involve
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many normal modes with mixed character. The low intensity peaks at 1080, 1195, 1205,
and 1440 cm-1 are all due to the combination of in-plane O2−H bending with the
following modes: in-plane C5−H bending, in-plane asymmetric bending of the C5 and
C6 hydrogen atoms, in-plane C6−H bending, and in-plane symmetric bending of the C5
and C6 hydrogen atoms, respectively. The modest peak at 1120 cm-1 corresponds to inplane O2−H bending. Other low intensity bands at 1330, 1375, and 1470 cm-1
correspond to the mixed character modes involving in-plane N1−H and C2=N3=C4
asymmetric stretching, coupling of the weak C2−OH stretch and in-plane symmetric
bending of the C5 and C6 hydrogen atoms, and C2=N3=C4 symmetric stretching. The
broad intense peak at 1570−1660 cm-1 is the result of strong C2−OH stretching at 1600
cm-1, and the combination of C2=N3 and C5=C6 stretching at 1625 cm-1.
3.3.6 Comparison of Experimental and Theoretical IR Spectra of H+(S2,4Ura)
The experimental IRMPD action spectrum is compared to the calculated IR
spectra and structures of the four most stable conformers found for the H+(S2,4Ura)
complex in Figure 3.9. The IRMPD action spectrum is in good agreement with the
calculated IR spectra of the ground A and first two excited C and E conformers, as
these structures are merely sulfhydryl rotamers. The two broad features between 1350
and 1470 cm-1 and between 1500 and 1630 cm-1 are less resolved, the peak at 1300
cm-1 is red shifted, and the peaks at 1150 and 1200 cm-1 are blue shifted and more
resolved as compared to the theoretical spectra. Several peaks in the calculated IR
spectra of all three rotamers are slightly red and blue shifted from each other, by ~1 cm1

, However, these shifts are too small to clearly establish the presence or absence of

each rotamer in the experiments. In addition, the relative energies of these rotamers
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suggest that they should all be accessible at room temperature. The clear disagreement
between the calculated IR spectrum of the 2-thioketo-4-sulfhydryl conformer, B, and the
experimental spectrum confirms the absence of this tautomer and the stabilization of an
alternative tautomer of 2,4-dithiouracil upon protonation.
Examining the vibrational information provided for H+(S2,4Ura) by B3LYP
calculations, the peak at 1150 cm-1 appears to correspond to the mixed character mode
associated with C2=N1 stretching, C4−S stretching, and C4=C5 stretching. The small
shoulder at ~1200 cm-1 is possibly due to the coupling of two closely spaced IR
absorption bands that correspond to the mixed character mode associated with C2−S
stretching, C4−S stretching, in-plane asymmetric bending of the C5 and C6 hydrogen
atoms, and the mixed character mode associated with in-plane C6−H and N1−H
bending. The absorption band at 1295 cm-1 is the result of the C2=N3=C4 asymmetric
stretching and in-plane N1−H bending. The small broadened feature in the region from
1350 to 1470 cm-1 is probably due to two unresolved IR absorption bands that
correspond to the mixed character modes associated with symmetric stretching of
C2=N3=C4 and in-plane C5−H bending, and C4=C5 stretching and in-plane symmetric
bending of the C5 and C6 hydrogen atoms. The intense broad IR feature at
~1490−1630 cm-1 with a small dip at around 1585 cm-1 clearly indicates the merging of
two closely spaced peaks, 1550 and 1605 cm-1, in the calculated IR spectrum of the
ground A conformer due to the anharmonic red shifting of the latter peak. The peak at
1550 cm-1 is the result of strong absorption of in-plane N1−H bending that also causes a
mild absorption of the adjacent C2=N3=C4 asymmetric stretching, most likely due to the
resonant character of the aromatic ring. The red shifted peak corresponds to the mixed
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character mode associated with C2=N3 and C5=C6 stretching.
3.3.7 Validation of Theoretical Results
As briefly discussed in the Theoretical results section, the absolute relative
stabilities of the various tautomeric conformations of each of the protonated
nucleobases differ slightly between the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d) and
MP2(full)/6-311+G(2d,2p)//B3LYP/6-31G(d) theories examined here, but the trends in
the relative stabilities are generally preserved. The discrepancies between the B3LYP
and MP2(full) results are generally small (within a few kJ/mol) and primarily occur for
relatively high-lying tautomeric conformations, which are unlikely to be accessed in the
IRMPD experiments. A significant exception to this agreement is found for the
H+(S4Ura) complex, where the relative stabilities of the three most stable tautomeric
conformations differ. Comparison of the B3LYP and MP2(full) results for the H+(S4Ura)
system to the experimental results suggests that both theories do a good job, but that
the B3LYP relative energetics are probably slightly more reliable.
Comparisons can also be made to the theoretical results previously reported in
the literature. 9 - 11 Kryachko et al.10 examined deprotonated, neutral, and protonated
uracil to characterize the relative stabilities of the various tautomeric forms and
determine the proton affinities and deprotonation enthalpies of uracil. They carried out
calculations at the B3LYP/6-31+G(d,p) level of theory. Excellent agreement is found for
the relative stabilities of the ground- and first three-excited tautomeric conformers of
H+(Ura) with the B3LYP results determined here. Trends among the 12 most stable
tautomeric conformations are highly parallel, but several minor differences are found as
a result of the slightly different size basis sets employed for optimizations and
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energetics. Wolken and Turecek9 examined the H+(Ura) system in nearly as much detail
as here, but performed more extensive calculations on the five most stable species
including HF, B3LYP, MP2, QCISD, and QCISD(T) theories with several different sized
basis sets for geometry optimizations and energetics including 6-31G(d,p), 6-31+G(d,p),
6-311+G(2df,p), and 6-311+G(3df,2p). In all cases, the trends in the relative stabilities of
the tautomeric conformations examined parallel that found here. The relative stability of
the B conformer was found to lie between 5 and 10 kJ/mol above the ground A
conformer for all theories they examined, similar to that found here. However, in all
cases the second and third excited conformers, C and D, are found to be less stable
than found here by 15−25 kJ/mol. Based on all theories examined, the C and D
conformers are not expected to be populated under the experimental conditions
employed.
Lamsabhi et al. examined neutral and protonated thiouracils including: S2Ura,
S4Ura, and S2,4Ura using the MP2/6-31G(d)//HF/6-31G(d) level of theory to determine
their proton affinities and the nature of the protonation site. Both H+(S2Ura) and
H+(S2,4Ura) exhibit excellent agreement for the two most stable structures, but
somewhat different trends than that found for the B3LYP results determined here for
higher-lying tautomeric conformations. The results for these two complexes parallel the
behavior determined here using MP2(full) theory. In contrast, the results for the
H+(S4Ura) complex exhibit better agreement with the B3LYP results, and in particular
find the same order of relative stabilities for the four most stable tautomeric
conformations, than the MP2(full) results determined here.
Overall, the comparisons between the experimental data and the theoretical
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results determined here suggest that in general both B3LYP/6-311+G(2d,2p) and
MP2(full)/6-311+G(2d,2p) perform well and provide reasonably accurate IR spectra and
energetics for these systems. However, the reliability of the relative stabilities of the
various tautomeric conformations is probably only of the order of ~4 kJ/mol and thus
caution should be exercised when interpreting results for structures calculated to be of
very similar stability. The present results are also the most comprehensive, and except
for the QCISD and QCISD(T) results reported by Wolken and Turecek,9 probably the
most accurate reported to date.
3.4 Conclusions
The IRMPD action spectra of the protonated complexes of uracil and five
thiouracils in the region ~1000-1900 cm-1 have been measured. Comparison of the
measured IRMPD spectra with the linear IR spectra calculated at the B3LYP/6-31G(d)
level of theory allows the conformations accessed under the experimental conditions
employed to be identified. In all cases, the measured IRMPD spectra are in excellent
agreement with the theoretical linear IR spectra of the ground-state conformations
computed, indicating that these conformers were accessed in the experiments. The
ground structures calculated for H+(Ura), H+(S2Ura), H+(m5S2Ura), H+(m6S2Ura), and
H+(S2,4Ura) at the B3LYP/6-31G(d) level of theory reveal that the binding of a proton
stabilizes an alternative tautomer of the nucleobase, where the diketo, thioketo-keto,
and dithioketo groups are both converted to hydroxyl (or sulfhydryl) groups, whereas the
ground structure for H+(S4Ura) corresponds to

protonation of the canonical keto-

thioketo tautomer at the 4-thioketo position. For the H+(Ura) and H+(S4Ura) complexes,
evidence for additional low-energy conformers was also observed in the measured
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IRMPD spectra suggesting that these conformers were presented in low abundance in
the experiments. However, low-energy sulfhydryl rotamers of H+(S2Ura), H+(m5S2Ura),
H+(m6S2Ura), and H+(S2,4Ura) produce theoretical spectra that are nearly identical to
that of the ground-state A conformers, making it impossible to definitively establish the
presence or absence of these low-energy conformers in the IRMPD spectra. Results
from the measured IRMPD spectra and the theoretical linear IR spectra provide
information about the most stable conformers, the relative stability, reactivity, and IR
active vibrational modes of these protonated complexes, and in particular for the
complexes of H+(S2Ura), H+(m5S2Ura), and H+(m6S2Ura).
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Table 3.1 Reactant and Product Ions Observed Upon IRMPD
Complex

Reactant ion m/z

Product ions m/z

Fragment ions and
neutral losses

H+(Ura)

113

96
70

NH3
HOCN

H+(S2Ura)

129

112
84
70

NH3
NH3 and CO
HSCN

H+(m5S2Ura)

143

126

NH3

H+(m6S2Ura)

143

126
98

NH3
NH3 and CO

H+(S4Ura)

129

112
102
86
69
59

NH3
C2H3
HOCN
C3SH+
CSNH+

H+(S2,4Ura)

145

128
86
69

NH3
HSCN
C3SH+
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Table 3.2 Relative Enthalpies and Gibbs Free Energies (in kJ/mol) of the 12 Most Stable
Tautomeric Forms of Protonated Uracil and Thiouracils.
Tautomera B3LYP
ΔH298

H+(Ura)

A
B
C
D
E
F
G
H
I
J
K
L

H+(S2Ura)

H+(m5S2Ura)

Complex

ΔG298

MP2(full)
ΔH298

ΔG298

0.0
6.5
16.5
17.7
31.0
31.3
45.2
48.0
50.4
51.7
67.4
88.2

0.0
5.6
16.2
16.5
30.1
31.0
43.1
47.0
47.9
50.4
66.0
85.5

0.0
10.9
16.7
22.3
31.5
32.5
43.6
49.4
48.5
52.5
69.5
90.8

0.0
10.1
16.5
21.2
30.5
32.2
41.5
48.4
46.0
51.2
68.1
88.1

A
E
C
B
J
G
D
F
I
K
H
L

0.0
6.9
17.7
19.6
26.4
30.0
30.7
31.7
32.0
40.4
49.3
59.5

0.0
6.8
17.6
20.5
26.0
27.0
31.3
31.5
28.7
40.0
48.3
58.0

0.0
7.6
18.2
20.4
27.7
29.6
31.6
32.7
31.5
42.3
50.3
61.5

0.0
7.5
18.0
21.2
27.3
26.6
32.2
32.4
28.2
41.8
49.3
60.0

A
E
C
B
G
I
J
F
D
K
H
L

0.0
6.5
19.8
25.5
26.1
27.9
28.1
34.8
36.0
43.4
51.3
61.4

0.0
6.1
20.2
26.5
27.0
27.4
28.0
33.8
36.3
42.3
49.3
58.9

0.0
7.2
20.1
27.9
27.7
29.5
29.2
34.9
38.2
44.5
51.1
62.3

0.0
6.9
20.4
28.9
22.1
26.3
29.1
34.0
38.5
43.3
49.1
59.8
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Table 3.2 (cont’d) Relative Enthalpies and Gibbs Free Energies (in kJ/mol) of the 12
Most Stable Tautomeric Forms of Protonated Uracil and Thiouracils.
Tautomera B3LYP
ΔH298

H+(m6S2Ura)

A
E
B
C
J
D
F
G
I
K
H
L

H+(S4Ura)

H+(S2,4Ura)

Complex

ΔG298

MP2(full)
ΔH298

ΔG298

0.0
7.3
17.0
18.0
27.0
27.8
29.9
32.4
34.7
37.9
47.1
56.4

0.0
7.4
17.0
17.9
26.8
27.8
29.2
29.0
31.7
36.6
45.6
54.0

0.0
8.0
19.1
18.4
28.2
30.0
31.5
31.4
33.5
40.5
48.6
59.1

0.0
8.0
19.2
18.4
27.9
30.0
30.8
28.0
30.5
39.2
47.1
56.7

B
D
A
C
F
H
E
J
G
K
I
L

0.0
1.5
1.7
5.4
25.0
28.6
34.1
39.5
58.0
62.3
62.3
67.3

0.0
1.6
3.0
6.6
25.4
28.5
34.2
39.5
58.4
61.2
62.2
65.4

2.4
4.4
0.0
4.0
22.0
26.1
33.1
38.9
49.5
60.0
53.6
65.7

1.2
3.3
0.0
4.0
21.2
24.9
32.0
37.8
48.8
57.7
52.3
62.6

A
C
E
B
J
D
F
H

0.0
3.8
7.0
10.3
11.6
11.6
23.6
27.5

0.0
3.7
6.7
10.7
11.3
12.1
22.5
25.9

0.0
4.1
7.9
10.5
13.0
12.3
22.0
26.4

0.0
4.1
7.6
10.9
12.7
12.7
20.9
24.8
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Table 3.2 (cont’d) Relative Enthalpies and Gibbs Free Energies (in kJ/mol) of the
Twelve Most Stable Tautomeric Forms of Protonated Uracil and Thiouracils.
Complex
H+(S2,4Ura)

a

Tautomer a B3LYP
ΔH298
K
L
G
I

32.7
37.2
39.5
41.3

ΔG298
31.2
35.1
36.7
37.0

MP2(full)
ΔH298
31.9
37.0
33.8
35.6

ΔG298
30.5
34.9
31.0
31.2

Tautomer designations are based on the structures shown in Figure 3.3. bCalculated at
the B3LYP/6-311+G(2d,2p) level of theory. cCalculated at the MP2(full)/6-311+G(2d,2p)
level of theory.
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Figure 3.1 Infrared multiple photon dissociation action spectra of H+(Ura) and five
H+(SxUra) complexes.
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a

b

c

d

e

f

Figure 3.2 Structures of the six most stable tautomeric forms of neutral uracil (Ura)
and the thiouracils (SxUra), where SxUra = 2-thiouracil (S2Ura), 5-methyl-2thiouracil (m5S2Ura),
Ura) 6-methyl-2-thiouracil
6 methyl 2 thiouracil (m6S2Ura),
Ura) 4-thiouracil
4 thiouracil (S4Ura),
Ura) and 2,424
2,4
dithiouracil (S Ura), based on theoretical calculations at the B3LYP/6311+G(2d,2p)//B3LYP/6-31G(d) level of theory. The oxygen and sulfur atoms are
indicated by X.
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Figure 3.3 Structures of the twelve most stable tautomeric forms of protonated
uracil, H+(Ura), and the protonated thiouracils, H+( SxUra), where SxUra = 2thiouracil (S2Ura),
Ura) 5-methyl-2-thiouracil
5 methyl 2 thiouracil (m5S2Ura),
Ura) 6-methyl-2-thiouracil
6 methyl 2 thiouracil (m6S2Ura),
Ura)
4
2,4
4-thiouracil (S Ura), and 2,4-dithiouracil (S Ura), based on theoretical calculations
at the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d) level of theory.
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Figure 3.4 Comparison of the measured IRMPD action spectrum of H+(Ura) with the
linear IR spectra predicted for the four most stable tautomeric conformations of
H+(Ura) calculated at the B3LYP/6-31G(d)
B3LYP/6 31G(d) level of theory.
theory The structures and
B3LYP/6-311+G(2d,2p) relative stabilities of each conformer are also shown.
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Figure 3.5 Comparison of the measured IRMPD action spectrum of H+(S2Ura) with
the linear IR spectra predicted for the four most stable tautomeric conformations of
H+(S2Ura) calculated at the B3LYP/6-31G(d)
B3LYP/6 31G(d) level of theory.
theory The structures and
B3LYP/6-311+G(2d,2p) relative stabilities of each conformer are also shown.
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Figure 3.6 Comparison of the measured IRMPD action spectrum of H+(m5S2Ura) with
the linear IR spectra predicted for the four most stable tautomeric conformations of
H+(m5S2Ura) calculated at the B3LYP/6-31G(d)
B3LYP/6 31G(d) level of theory.
theory The structures and
B3LYP/6-311+G(2d,2p) relative stabilities of each conformer are also shown.
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Figure 3.7 Comparison of the measured IRMPD action spectrum of H+(m6S2Ura) with
the linear IR spectra predicted for the four most stable tautomeric conformations of
H+(m6S2Ura) calculated at the B3LYP/6-31G(d)
B3LYP/6 31G(d) level of theory.
theory The structures and
B3LYP/6-311+G(2d,2p) relative stabilities of each conformer are also shown.
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Figure 3.8 Comparison of the measured IRMPD action spectrum of H+(S4Ura) with
the linear IR spectra predicted for the four most stable tautomeric conformations of
H+(S4Ura) calculated at the B3LYP/6-31G(d)
B3LYP/6 31G(d) level of theory.
theory The structures and
B3LYP/6-311+G(2d,2p) relative stabilities of each conformer are also shown.
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Figure 3.9 Comparison of the measured IRMPD action spectrum of H+(S2,4Ura) with
the linear IR spectra predicted for the four most stable tautomeric conformations of
2 4Ura) calculated at the B3LYP/6-31G(d)
H+(S2,4
B3LYP/6 31G(d) level of theory.
theory The structures and
B3LYP/6-311+G(2d,2p) relative stabilities of each conformer are also shown.
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Figure 3.10 Comparison of the measured IRMPD action spectrum of H+(S4Ura) with
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CHAPTER 4 INFRARED MULTIPLE PHOTON DISSOCIATION ACTION
SPECTROSCOPY OF SODIATED URACIL AND THIOURACILS: EFFECTS OF
THIOKETO-SUBSTITUTION ON GAS-PHASE CONFORMATION
Portions of this chapter were reprinted with permission from Nei, Y.-w.; Akinyemi, T. E.;
Kaczan, C. M.; Steill, J. D.; Berden, G.; Oomens, J.; Rodgers, M. T. Infrared Multiple
Photon Dissociation Action Spectroscopy of Sodiated Uracil and Thiouracils: Effects of
Thioketo-Substitution on Gas-Phase Conformation. Int. J. Mass Spectrom. 2011, 308,
191−202. Copyright 2011 Elsevier B. V.
4.1 Introduction
In Chapter 3 and reference 1, the binding of a proton to uracil and a series of
Thiouracils was shown to preferentially stabilize alternative tautomers of these
nucleobases rather than directly binding to the most favorable site of the canonical
neutral tautomers, in contrast to similar studies 2 - 4 done by other experimental and
theoretical methods. Therefore, by understanding the strength of covalent and
noncovalent interactions between protons and sodium cations with the analogous
molecules, the underlying driving force for facilitated tautomerization may be revealed.
In the present work, we examine the interactions of uracil (Ura) and the same five
thiouracils (SxUra), where SxUra = 2-thiouracil (S2Ura), 5-methyl-2-thiouracil (m5S2Ura),
6-methyl-2-thiouracil (m6S2Ura), 4-thiouracil (S4Ura), and 2,4-dithiouracil (S2,4Ura) with a
sodium cation. In order to definitively determine the ground-state and low-energy
tautomeric conformations of the sodium cationized forms of these nucleobases, IRMPD
action spectra of these complexes are measured and compared to the linear IR spectra
of stable low-lying tautomeric conformations of these sodium cationized complexes
derived from theoretical electronic structure calculations performed at the B3LYP/6-
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31G(d) level of theory.
4.2 Results
4.2.1 IRMPD Action Spectra
In all cases, IRMPD of the Na+(Ura) and Na+(SxUra) complexes results in loss of
the intact nucleobase and detection of Na+ at m/z = 23. No other dissociation pathways
were observed for these systems. IRMPD spectra were obtained for Na+(Ura),
Na+(S2Ura), Na+(m5S2Ura), Na+(m6S2Ura), and Na+(S4Ura) over the range from ~1000
to 1900 cm-1, whereas the spectrum of Na+(S2,4Ura) was measured from ~1000 to 1750
cm-1, using the reactant and product ion intensities after FEL irradiation at each
frequency and equation 2.7 as detailed in Chapter 2. The experimental method and
parameters used are discussed in detail in section 2.5.2 of Chapter 2. The IRMPD
spectra of all six complexes examined here are compared in Figure 4.1. As can be
seen in the figure, unique spectral features are observed in each spectrum that allow
these complexes to be differentiated from one another. The intense band at ~1800 cm-1
in the IRMPD spectrum of Na+(Ura) is characteristic of a free carbonyl stretch. This
band is absent in the IRMPD spectra of all of the other complexes investigated here.
The intense band extending from ~1630 to 1675 cm-1 found in the spectra of Na+(Ura),
Na+(S2Ura), Na+(m5S2Ura), Na+(m6S2Ura), and Na+(S4Ura), but absent in the spectrum
of Na+(S2,4Ura), likely arises from the interaction of the sodium cation with the carbonyl
moiety. This interaction weakens the C═O bond, decreasing the frequency of the C═O
stretch, and leads to a red shifting of this feature. Besides the absence of the
unperturbed carbonyl stretch at ~1800 cm-1, the peaks in the spectrum of Na+(S2Ura)
between 1125 and 1580 cm-1 are more intense and slightly blue shifted (1530 cm-1) and
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red shifted (1155 cm-1) as compared to the analogous features in the IRMPD spectrum
of Na+(Ura). The similarities in these IRMPD spectra may suggest that the conformation
of Na+(S2Ura) is very similar to that of Na+(Ura), but that the strength of the noncovalent
interaction with the sodium cation differs somewhat. The IRMPD spectrum of
Na+(m5S2Ura) retains all of the spectral features observed in the Na+(S2Ura) spectrum,
while several features are enhanced. The peaks at 1540 and 1640 cm-1 are similar to,
but broader than, the corresponding bands observed in the Na+(S2Ura) spectrum. The
very minor peak at 1200 cm-1 has increased in intensity and broadened, whereas the
peak at 1155 cm-1 is red shifted to 1130 cm-1 in the Na+(m5S2Ura) spectrum. Methylation
at the 6-position of Na+(S2Ura) also results in a very similar IRMPD spectrum for
Na+(m6S2Ura) as found for the Na+(S2Ura) and Na+(m5S2Ura) complexes. The intensity
of the peak at ~1200 cm-1 is intermediate between that observed for Na+(S2Ura) and
Na+(m5S2Ura), and the peak at 1140 cm-1 is less red shifted. In addition, a new distinct
feature arises at ~1600 cm-1, between the peaks at 1540 and 1640 cm-1. In contrast, the
IRMPD spectrum of Na+(S4Ura) is markedly different from the Na+(Ura) and Na+(S2Ura)
spectra, except for the perturbed carbonyl stretch at 1670 cm-1. The difference in these
IRMPD spectra suggest that the nature of the binding of a sodium cation to S4Ura is
very different than to Ura and S2Ura, or that binding of a sodium cation results in
preferential stabilization of an alternative tautomer of S4Ura as previously observed for
protonated uracil and these same five thiouracils.5,6 As expected, the IRMPD spectrum
of Na+(S2,4Ura) exhibits distinct features that differ significantly from the other five
IRMPD spectra due to the substitution of both oxygen atoms by sulfur atoms. Unlike the
carbonyl group, the thioketo moiety does not exhibit a strong IR absorption band.
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Therefore, it may be more difficult to extract accurate structural information regarding
the thioketo moiety directly from the IRMPD action spectrum alone.
Comparison of the IRMPD yields for these six complexes may provide
information regarding the relative stability and/or density of states available to these
nucleobase complexes. The IRMPD yields increase in the order of Na+(S2,4Ura) <
Na+(S4Ura) < Na+(S2Ura) < Na+(Ura) < Na+(m5S2Ura) < Na+(m6S2Ura). IRMPD yields for
the most intense peaks in the spectra differ by about a factor of six across these
complexes. A nearly reverse trend was found for the sodium cation binding affinities of
these nucleobases determined from energy-resolved collision-induced dissociation
(CID) experiments carried out in a guided ion beam tandem mass spectrometer
(GIBMS).2 The sodium cation binding affinities were found to decrease in the following
order, Na+(m6S2Ura) > Na+(m5S2Ura) > Na+(S2Ura) > Na+(Ura) > Na+(S4Ura) >
Na+(S2,4Ura). The measured sodium cation binding affinities follow the expected trend
as sodium cations are known to bind more strongly to a “hard” oxygen atom than the
“softer” sulfur atom. Thus, the trend in the IRMPD yields is likely the result of differences
in the density of states for these complexes.7 The IRMPD yield should decrease upon
thioketo substitution as a result of the reduced IR activity of the thioketo moiety. In
contrast, the IRMPD yield should increase upon methylation as a result of the increase
in the number of ro-vibrational modes of the system. Thus, the variation in the IRMPD
yields is consistent with the trends in the density of states of these complexes.
4.2.2 Theoretical Results
Details of the computational methods used here are discussed in section 2.5.2 of
Chapter 2. All favorable sodium cation binding sites to each of the stable tautomeric
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conformations of each nucleobase, Chapter 3, Figure 3.2, were investigated.
Enthalpies and Gibbs free energies relative to the ground-state tautomeric conformation
calculated at the B3LYP/6-311+G(2d,2p) level of theory, including zero point energy
(ZPE) and thermal corrections at 298 K for the twelve most stable tautomeric forms of
Na+(Ura) and the five Na+(SxUra) complexes are listed in Table 4.1. All stable
conformers within 20 kJ/mol of the ground conformation of each sodium cationized
complex, i.e., those most likely to be accessed in the experiments along with their
calculated linear IR spectra are compared to the measured IRMPD action spectra in
Figures 4.2 to 4.7. For all of the nucleobases possessing a carbonyl group at the 4position, i.e., U, S2U, m5S2U, and m6S2U, the ground conformer involves sodium cation
binding at the O4 position in a linear fashion to the corresponding ground canonical a
conformer, Chapter 3, Figure 3.2, resulting in the A conformer of the sodium cationized
complex. These structures are consistent with the ground conformations computed at
the MP2(full)/6-311+G(2d,2p)//MP2(full)/6-31G* level of theory reported in the GIBMS
study.2,8 The most stable tautomeric conformations of sodium cationized 4-thiouracil
and 2,4-dithiouracil determined here, however, differ from those previously reported.2
Alternative tautomers were not investigated in that work and binding of a sodium cation
is found to preferentially stabilize an alternative tautomer of S4Ura and S2,4Ura. In the
ground tautomeric conformations of the Na+(S4Ura) and Na+(S2,4Ura) complexes, the
nucleobases are S4 rotamers of the c tautomer, Chapter 3, Figure 3.2, where the N3
hydrogen atom migrates to the neighboring S4 position and is oriented away from the
N3 atom. For the free nucleobases, these conformers lie 48.7 and 50.1 kJ/mol higher in
free energy than the corresponding ground canonical neutral a tautomers, respectively,
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but provide more favorable binding of the sodium cation via bidentate interaction with
the O2 (S2) and N3 atoms.
For the Na+(Ura), Na+(S2Ura), and Na+(S2,4Ura) complexes, three low-energy
conformers were found that lie within 20 kJ/mol in free energy of the corresponding
ground conformer. In contrast, four low-energy conformers were found within 20 kJ/mol
of the ground conformation for the Na+(m5S2Ura), Na+(m6S2Ura), and Na+(S4Ura)
complexes. The theoretical linear IR spectra of these conformers are compared to the
experimental IRMPD action spectra to determine the conformation(s) of the sodium
cationized nucleobase complexes accessed in the experiments. The ground
conformations of the sodium cationized nucleobases and all stable low-energy
conformers within 20 kJ/mol, their relative Gibbs free energies at 298 K, and calculated
linear IR spectra are shown in Figures 4.2 to 4.7.
4.2.3 Na+(Ura)
The ground-state structure of Na+(Ura) is the A conformer shown in Figure 4.2 in
which the sodium cation binds to the O4 carbonyl oxygen atom of the canonical a diketo
tautomer of Ura, Chapter 3, Figure 3.2. The first-excited conformer of Na+(Ura), the B
conformer, lies 13.6 kJ/mol in free energy above the ground conformation. In this
conformer, the 2-keto-4-hydroxyl tautomer of uracil produced by transfer of the N3
hydrogen atom of the canonical neutral diketo tautomer to the O4 position, enabling
bidentate binding of the sodium cation to the O2 and N3 atoms. Rotation of the
4-hydroxyl hydrogen atom of this conformer produces the C conformer, which lies 1.6
kJ/mol higher in free energy or 15.2 kJ/mol above the ground A conformer. Binding of a
sodium cation at the O2 position of the canonical diketo tautomer produces the D
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conformer, which is 16.2 kJ/mol less favorable than the ground A conformer.
4.2.4 Na+(S2Ura)
The ground-state structure of Na+(S2U) is again the A conformer shown in Figure
4.3 in which the sodium cation binds to the O4 carbonyl oxygen atom of the canonical a
2-thioketo-4-keto tautomer of S2Ura, Chapter 3, Figure 3.2. The first-excited conformer
of Na+(S2Ura), the I conformer, lies 15.6 kJ/mol in free energy above the ground
conformation and is a minor tautomer of 2-thiouracil in which the N3 hydrogen atom of
the canonical neutral a tautomer shifts to the S2 position, enabling bidentate binding of
the sodium cation to the N3 and O4 atoms. Rotation of the 2-sulfhydryl hydrogen atom
of the I conformer towards the N3 atom and sodium cation results in the F conformer.
The F conformer lies only 1.0 kJ/mol higher in free energy than I, or 16.6 kJ/mol above
the ground A conformer. The third-excited conformer, C, is also a minor tautomer where
the N3 hydrogen atom is transferred to the O4 position and oriented away from the N3
atom and sodium cation, enabling bidentate binding of the sodium cation to the N3 and
S2 atoms. The C tautomer lies just 1.2 kJ/mol above the I conformer, and 16.8 kJ/mol
higher in free energy than the ground A conformer. Binding of the sodium cation at the
S2 position of the canonical 2-thioketo-4-keto tautomer is 38.5 kJ/mol less favorable
than to the O4 position, and is therefore unlikely to occur under the experimental
conditions employed.
4.2.5 Na+(m5S2Ura)
The ground-state structure of Na+(m5S2Ura) is again the A conformer as shown
in Figure 4.4 in which the sodium cation binds to the O4 carbonyl oxygen atom of the
canonical a tautomer of m5S2Ura. The three most stable conformers of Na+(m5S2Ura)
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exactly parallel those of Na+(S2Ura), however, 5-methylation stabilizes the first three
excited conformers relative to the ground conformer by 4.5−10.2 kJ/mol versus the
analogous Na+(S2Ura) complex. The relative Gibbs free energy of the fourth-excited
conformer, B, which is the 4-hydroxyl rotamer of C, is also stabilized by 5-methyl
substitution and lies 14.7 kJ/mol above the ground A conformer. The binding of a
sodium cation at the S2 position of the canonical 2-thioketo-4-keto tautomer also
becomes more favorable upon 5-methyl substitution, but is still 28.6 kJ/mol less
favorable than binding at the O4 position, i.e., the ground conformation.
4.2.6 Na+(m6S2Ura)
As for the other complexes already discussed, the ground-state structure of
Na+(m6S2Ura) is the A conformer shown in Figure 4.5 in which the sodium cation binds
to the O4 carbonyl oxygen atom of the canonical a tautomer of m6S2Ura, Chapter 3,
Figure 3.2. The relative stabilities of the low-energy excited conformers of
Na+(m6S2Ura) differ drastically from those of Na+(S2Ura) and Na+(m5S2Ura). Binding of
the sodium cation at the S2 and N3 positions of the 2-thioketo-4-hydroxyl tautomer of
m6S2Ura, C, is preferred over the binding at the N3 and O4 positions of the 2-sulfhydryl4-keto tautomer, I. The C and I conformers lie 12.6 and 16.2 kJ/mol above the ground A
conformer, respectively. The 4-hydroxyl rotamer of C, conformer B, lies 16.4 kJ/mol,
whereas the 2-sulfhydryl rotamer of I, conformer F, lies 16.9 kJ/mol higher in free
energy than the ground A conformer.
4.2.7 Na+(S4Ura)
In contrast to the sodium complexes discussed thus far, the ground-state
structure of Na+(S4Ura) is the C conformer shown in Figure 4.6 in which the sodium
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cation binds to the O2 and N3 atoms of the 2-keto-4-sulfhydryl tautomer of S4Ura. And
the 4-sulfhydryl hydrogen atom is directed away from the adjacent N3 atom. The
first-excited conformer of Na+(S4Ura), the B conformer, lies 3.9 kJ/mol higher in free
energy and is the 4-sulfhydryl rotamer of the ground C conformer, where the hydrogen
atom is oriented toward the adjacent N3 atom. The second-excited conformer, E,
involves the binding of Na+ to the N1 and O2 atoms of the f tautomer, Chapter 3,
Figure 3.2, where the N1 hydrogen atom has migrated to the S4 position and is
oriented away from the adjacent N3H moiety. Binding of Na+ to this tautomer is less
favorable by 13.2 kJ/mol in free energy versus the ground C conformer. The 4-sulfhydryl
rotamer of conformer E, the H conformer, lies 1.9 kJ/mol higher in free energy or 15.1
kJ/mol above the ground C conformer. Binding of Na+ to the O2 position of the
canonical 2-keto-4-thioketo tautomer, the D conformer, is less favorable than the C
conformer by 19.4 kJ/mol.
4.2.8 Na+(S2,4Ura)
Similar to Na+(S4Ura), the ground structure of Na+(S2,4Ura) is the C conformer
shown in Figure 4.7 in which the sodium cation binds to the S2 and N3 atoms of the
2-thioketo-4-sulfhydryl tautomer of S2,4Ura, where the 4-sulfhydryl hydrogen atom is
directed away from the adjacent N3 atom. The first three excited low-energy conformers
of Na+(S2,4Ura) exactly parallel those of Na+(S4Ura). The first-excited conformer, B, the
4-sulfhydryl rotamer of C, lies 2.7 kJ/mol higher in free energy, and lies 6.6 kJ/mol
above the ground C conformer. The second-excited low-energy conformer, E, where
Na+ binds to the N1 and S2 atoms of the f conformer of the neutral nucleobase,
Chapter 3, Figure 3.2, lies 12.1 kJ/mol, whereas the 4-sulfhydryl rotamer, the
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third-excited conformer, H, lies 13.6 kJ/mol higher in free energy than the ground
tautomeric conformation, C.
4.3. Discussion
4.3.1 Comparison of Experimental and Theoretical IR Spectra of Na+(Ura)
The experimental IRMPD action spectrum along with the calculated linear IR
spectra and structures of the four most stable tautomeric conformations found for the
Na+(Ura) complex are compared in Figure 4.2. The IRMPD action spectrum exhibits
best agreement with the calculated IR spectrum of the ground A conformer. In
particular, the strong sharp bands at 1652 and 1805 cm-1, which correspond to the
C4═O and C2═O carbonyl stretches , respectively, and the minor peaks at 1200 and
1485 cm-1, which are the result of asymmetric in-plane C5−H and C6−H bending and
in-plane N1−H bending, match almost perfectly. These results confirm that the ground A
conformer is the dominant conformer accessed in the experiments. It is, however,
unclear whether the minor peaks at 1330 and 1387 cm-1 of the calculated spectrum are
present in the experimental spectrum or just noise at baseline. It should be mentioned
that this comparison is an excellent example demonstrating the resolving power of
IRMPD action spectroscopy to distinguish different binding sites of the sodium cation to
the same ligand, as the bands in the calculated spectrum of conformer D are red shifted
(1156, 1422, and 1775 cm-1) and blue shifted (1685 cm-1) compared to the experimental
IRMPD action spectrum. Comparison of the calculated linear IR spectra of the B
conformer and its 4-hydroxyl rotamer, C, to the IRMPD action spectrum clearly indicates
that these two conformers are not accessed in the experiments, as the presence of
these conformers would significantly broaden the feature observed at ~1658 cm-1 in the
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experimental spectrum, and many of the bands in the region between 1200 and 1620
cm-1 are not observed in the IRMPD action spectrum.
4.3.2 Comparison of Experimental and Theoretical IR Spectra of Na+(S2Ura)
The experimental IRMPD action spectrum along with the calculated linear IR
spectra and structures of the four most stable tautomeric conformations found for the
Na+(S2Ura) complex are compared in Figure 4.3. Similar to that found for the Na+(Ura)
complex, the calculated IR spectrum of the ground A conformer, where the sodium
cation binds to the O4 position of the canonical a tautomer, Chapter 3, Figure 3.2,
provides the best agreement with the experimental IRMPD action spectrum. The two
most intense peaks at 1530 and 1645 cm-1, which correspond to asymmetric N1−H and
N3−H bending and the C4═O carbonyl stretch, match the experimental spectrum very
well. The very minor peaks at 1335 and 1363 cm-1 in the theoretical spectrum are also
observed experimentally, and arise from the mixed character mode comprised of inplane N3−H bending, symmetric C5−H and C6−H bending, and the in-plane symmetric
N1−H and N3−H bending. In contrast, the modest peak and small shoulder at 1155 and
1200 cm-1 in the experimental IRMPD spectrum are slightly blue shifted as compared to
the linear IR spectrum indicating that theory underestimates the frequency of these
modes. These vibrational modes correspond to the C2═S stretch and the mixed
character mode associated with in-plane N1−H bending, in-plane C6−H bending, and
the asymmetric stretching of the C2−N3−C4 moiety. The calculated IR spectra of the
first-excited conformer, I, and its 2-sulfhydryl rotamer, F, exhibit two modest IR
absorption peaks that are in very close agreement with the experimental IRMPD
spectrum and the calculated linear spectrum of the ground conformer (~1528 and 1650
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cm-1). However, the absence of the two minor peaks at ~1270 and 1448 cm-1 in the
experimental IRMPD spectrum suggest that these two conformers are not accessed in
the experiments. The linear IR spectrum calculated for the C conformer is markedly
different from the measured IRMPD spectrum, indicating that this conformation was not
populated in the experiments.
4.3.3 Comparison of Experimental and Theoretical IR Spectra of Na+(m5S2Ura)
The experimental IRMPD action spectrum along with the calculated linear IR
spectra and structures of the five most stable tautomeric conformations found for the
Na+(m5S2U) complex are compared in Figure 4.4. In this comparison, the theoretical IR
spectrum of the ground A conformer where the sodium cation binds to the canonical 2thioketo-4-keto tautomer at the O4 position of m5S2U provides the best agreement with
the experimental IRMPD spectrum. The intense peaks at 1540 and 1640 cm-1 again
correspond to asymmetric N1−H and N3−H bending and the C4═O carbonyl stretch, as
well as the C2═S stretching mode at 1130 cm-1 whose frequency is again
underestimated by theory. As mentioned previously, the broad and moderately intense
peak at 1200 cm-1 of the Na+(m5S2Ura) spectrum has evolved markedly from the very
minor shoulder observed in the Na+(S2Ura) spectrum due to methyl substitution at the 5position. This band arises from coupling of the C2−N1−C6 asymmetric stretching mode
and the same mixed character mode associated with N1−H bending, in plane C6−H
bending and asymmetric stretching of the C2−N3−C4 moiety as observed for
Na+(S2Ura). Vibrational modes in the range between 1300 and 1400 cm-1 correspond to
in-plane C6−H bending, in-plane symmetric N1−H and N3−H bending, and the wagging
of the methyl group which are nearly IR inactive in the theoretical linear IR spectrum,
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but are slightly active and visible in the IRMPD action spectrum due to the multiple
photon absorption process. Similar to Na+(S2Ura), the calculated IR spectra of the first
two excited 2-sulfhydryl rotamers of Na+(m5S2Ura), conformers I and F, exhibit two IR
absorption bands (1525 and 1630 cm-1) that correspond well, but are slightly red shifted
relative to the experimental IRMPD action spectrum. The very minor peak at 1471 cm-1
of the theoretical spectra appears as a small shoulder to the red of the band at 1525
cm-1 in the measured IRMPD spectrum. However, the absence of a minor peak at 1275
cm-1 in the experimental spectrum suggests that these two conformers are not
measurably populated in the experiments. Interestingly, the theoretical IR spectrum of
the third-excited conformer, where the sodium cation binds to the S2 and N3 atoms of
the 2-thioketo-4-hydroxyl tautomer, conformer C, exhibit many IR features that agree
well with the measured IRMPD spectrum. In particular, the bands below 1300 cm-1 and
above 1500 cm-1 exhibit reasonable agreement. However, the absence of a spectral
feature associated with C4−OH stretching at ~1430 cm-1 in the IRMPD action spectrum,
as well as the free energy (12.3 kJ/mol) relative to the ground A conformer suggests
that the C conformer is most likely not populated in the experiments. This conclusion
along with the poor agreement between the theoretical spectrum and the experimental
IRMPD spectrum for the 4-hydroxyl rotamer of C, conformer B, indicate that this
conformer is also not present in the experiments.
4.3.4 Comparison of Experimental and Theoretical IR Spectra of Na+(m6S2Ura)
The experimental IRMPD action spectrum along with the calculated linear IR
spectra and structures of the five most stable tautomeric conformations found for the
Na+(m6S2Ura) complex are compared in Figure 4.5. The IRMPD spectrum of
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Na+(m6S2Ura) exhibits many of the IR features observed for the Na+(m5S2Ura) complex,
but also exhibits an additional feature. Therefore, the IRMPD action spectra of
Na+(S2Ura), Na+(m5S2Ura), and Na+(m6S2Ura) can be easily distinguished from each
other. This is particularly important for the two methylated complexes, as they occur at
the same mass-to-charge ratio, and the IRMPD of these two complexes both result in
the loss of the nucleobase and detection of the sodium cation at m/z = 23. The
calculated linear IR spectrum of the ground A conformer, where the sodium cation binds
to the 4-position of the canonical 2-thioketo-4-keto tautomer of m6S2Ura, provides the
best match to the measured IRMPD spectrum, confirming the gas-phase structure of
the Na+(m6S2Ura) complex. The intense peaks at 1140, 1540, and 1650 cm-1 in the
measured IRMPD spectrum of Na+(m6S2Ura) correspond to the same C2═S stretching,
asymmetric N1−H and N3−H bending, and the C4═O carbonyl stretching mode
observed in the spectra of the Na+(S2Ura) and Na+(m5S2Ura) complexes, respectively.
The sharp peak at 1190 cm-1 is due to the mixed character mode involving in-plane
C5−H bending and a very modest C2═S stretching motion that differs from the previous
two complexes. The new distinct feature at 1600 cm-1 corresponds to the mixed
character mode involving C5═C6 stretching and in-plane N1−H bending. The low
intensity peaks in the range between 1300 to 1450 cm-1 are observed in the
experimental IRMPD spectrum, and arise from various N−H bending motions and
wagging of the methyl group, as well as the mixed character mode comprised of these
motions. The theoretical IR spectra of the two low-lying conformational rotamers, C and
B, differ markedly from the IRMPD action spectrum. Therefore, these conformers are
not populated in the experiments. The calculated IR spectra of the 2-sulfhydryl-4-keto
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tautomers of Na+(m6S2Ura), conformational rotamers I and F, are indistinguishable and
exhibit several features above 1500 cm-1 that are similar to the experimental IRMPD
spectrum. However, the absence of the peaks at ~1260 and 1430 cm-1 in the measured
spectrum once again suggests that both the I and F conformers are not populated in the
experiments.
4.3.5 Comparison of Experimental and Theoretical IR Spectra of Na+(S4Ura)
The experimental IRMPD action spectrum along with the calculated linear IR
spectra and structures of the five most stable tautomeric conformations found for the
Na+(S4Ura) complex are compared in Figure 4.6. In this overall comparison, the
theoretical spectra computed for the ground C conformer and the first-excited
4-sulfhydryl rotamer, B, exhibit the best agreement with the experimental IRMPD
spectrum. The carbonyl stretch predicted theoretically at 1670 cm-1 corresponds well
with the experimental spectrum, whereas the features below 1630 cm-1 are slightly red
shifted versus those of the experimental spectrum. The unresolved peak or shoulder to
the red of the carbonyl stretch at 1631 cm-1 corresponds to the C5═C6 stretch. The
three very low intensity IR absorption bands at 1120, 1240, and 1500 cm-1 are the result
of C4−S stretching, C2−N3 stretching, and a mixed character mode associated with
N1−H bending and aromatic ring stretching. The minor peak at 1415 cm-1 is due to the
coupling of two very closely spaced IR absorption peaks that are assigned to in-plane
N1−H bending and a mixed character mode associated with N3═C4 stretching and
symmetric C5−H and C6−H bending. In our previous study of the analogous protonated
thiouracil complexes (Chapter 3 and reference 1), it was found that the theoretical IR
spectra calculated at the B3LYP/6-31G(d) level of theory do not allow sulfhydryl
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rotamers to be differentiated because they produce virtually identical IR spectra in the
mid IR (fingerprint region) and in some cases in the N−H stretching region.9 In some
cases, the spectral lines are slightly shifted, but these shifts tend to be on the order of 1
to 5 cm-1, much less than typical experimental broadening, and therefore cannot be
resolved by the IRMPD action spectroscopy technique. The same behavior is again
observed here for the Na+(S4Ura) complex as can be seen in Figure 4.6, making it
impossible to determine whether or not the first-excited conformer, B, is populated in
the experiments. The transition state between the C and B rotamers located using the
synchronous transit-guided quasi-Newton (STQN) method by Peng et al.10 indicates a
barrier height of 31.5 kJ/mol above the ground C conformer. With the internal energy
available to the ground C conformer calculated at 298 K, 22.4 kJ/mol, it is unlikely that
the first-excited B conformer can be accessed in the gas phase. However, one must
also consider the fact that all complexes were first formed in a 50%:50%
water-methanol mixture, and subsequently ionized by electrospray ionization. The polar
solvent could significantly lower this activation barrier and stabilize various species
and/or facilitate tautomerization necessary to produce a room temperature distribution,
as observed previously for the protonated uracil and thiouracil complexes (Chapter 3
and reference 1). Based on the computed relative free energies of these conformers at
298 K, a Boltzmann distribution suggests that both would be present at a relative
population of 83%:17%. However, even in the N−H stretching region, conformers B and
C cannot be differentiated. The experimental IRMPD action spectrum and the
theoretical IR spectra for the second and third-excited conformers, E and its 4-sulfhydryl
rotamer H, exhibit good agreement in the carbonyl stretching region (1670 cm-1).
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However, the peak at 1530 cm-1 and the minor peak at 1316 cm-1 are not observed in
the experimental IRMPD spectrum, suggesting that these conformers are not populated
in the experiments. The calculated spectrum for the sodium cation bound to the
canonical keto-thioketo tautomer at the O2 position, conformer D, exhibits peaks at
1125 and 1620 cm-1 that are well matched to the IRMPD action spectrum, whereas the
carbonyl stretch is just slightly blue shifted and the peaks around 1400 cm-1 are slightly
less intense and better resolved. These well matched features make the differentiation
of conformers C and D challenging. However, upon closer examination, the absence of
the two very weak bands at 1240 and 1500 cm-1 in the theoretical spectrum and the
relatively high free energy computed for the D conformer, 19.4 kJ/mol, suggest that it is
not populated in the experiments.
4.3.6 Comparison of Experimental and Theoretical IR Spectra of Na+(S2,4Ura)
The experimental IRMPD action spectrum along with the calculated linear IR
spectra and structures of the four most stable tautomeric conformations found for the
Na+(S2,4Ura) complex are compared in Figure 4.7. The IRMPD action spectrum of
Na+(S2,4Ura) is noisier than that measured for the other complexes as a result of the
very low intensity of the reactant ion produced in the experiments. The minor dips
observed in several of the major features in the IRMPD spectrum likely arise from the
low reactant ion signal combined with minor instabilities in the ESI source and intensity
of the FEL output. However, it cannot be ruled out that they arise from slightly resolved
distinct IR features. The calculated linear IR spectra of the ground conformer, C, and
the first-excited 4-sulfhydryl rotamer, B, are in good agreement with the measured
IRMPD action spectrum, similar to that found for the Na+(S2,4Ura) complex. Upon closer
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examination, the theoretical IR spectrum of the C conformer exhibits a slightly better
match to the experimental IRMPD action spectrum than the B conformer in the region
around 1210 cm-1. The peaks at 1130, 1540, and 1600 cm-1 correspond to the mixed
character mode associated with N1−C2, C4−S, and C4−C5 stretching; the mixed
character mode involving N1−H bending and aromatic ring stretching, and C5═C6
stretching, respectively. The unresolved IR features near ~1210 cm-1 in the IRMPD
spectrum closely resemble the coupling of the three IR absorption peaks at 1180, 1205,
and 1240 cm-1 in the calculated linear IR spectra, and arise from the mixed character
mode involving C2═S and C4−S stretching, the mixed character mode associated with
N1−H bending and asymmetric C5−H and C6−H bending, and the C2−N3 stretching
modes, respectively. The peak observed at 1420 cm-1 is predicted to arise from the
coupling between two neighboring peaks in the theoretical spectrum calculated for C
conformer. These features are associated with N3═C4 stretching and N1−H bending
coupled to the in-plane symmetric C5−H and C6−H bending. Absence of the diagnostic
band at ~1290 cm-1 observed in the theoretical spectra of the E and H conformers in the
Na+(S2,4Ura) IRMPD spectrum clearly indicates that these two rotamers were not
populated in the experiments.
4.3.7 Comparison of Proton and Sodium Cation Binding to Uracil and Thiouracils
The gas-phase structures of the protonated forms of uracil and the five thiouracils
examined here were previously investigated using the same methods employed here for
the sodium complexes, IRMPD action spectroscopy and theoretical electronic structure
calculations.1 The ground conformers of the protonated and sodium cationized
complexes of these systems are compared in Figure 4.8. In all cases, the ground
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tautomeric conformation of the nucleobase differs between the protonated and sodium
cationized complexes except for S4Ura. Protonation of Ura, S2Ura, m5S2Ura, and
m6S2Ura preferentially stabilizes a minor tautomer of the nucleobase, whereas sodium
cationization of the canonical tautomer is most favorable for all of these nucleobases. In
contrast, protonation of the canonical tautomer of S4Ura produces the most stable
conformation, whereas sodium cationization preferentially stabilizes a minor tautomer of
the nucleobase. However, in both cases, these complexes can be thought of as being
derived from the same tautomeric conformation of the nucleobase because protonation
of the canonical 2-keto-4-thioketo tautomer at the S4 position is equivalent to
protonation of the 2-keto-4-sulfhydryl tautomer (the tautomeric conformation in the
sodium complex) at the N3 position. In the case of S2,4Ura, both protonation and sodium
cationization stabilize a minor tautomer of the nucleobase. However, the tautomeric
conformations differ in the orientation of the 4-sulfhydryl hydrogen atom.
The IRMPD action spectra of the protonated and sodium cationized complexes of
these systems are compared in Figure 4.9. Differences in the binding of a proton and
sodium cation and the resulting preferred tautomeric conformations of the nucleobases
in these complexes are reflected in their IRMPD action spectra, such that they can be
easily distinguished. Sodium cationization results in less broadening of the spectral
features than observed for protonation. Similar behavior was observed in the IRMPD
action spectra of protonated and sodium cationized complexes of methionine. 11
However, the cause of the increased broadening in these systems is not well
understood. In other systems significant broadening of spectral features arises from
hydrogen-bonding interactions in which the proton is nearly equally shared such as in
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carbohydrates12 and proton-bound dimmers.13 In these latter cases, the mobility of the
proton appears to play a major role in inducing broadening of the spectral features. The
carbonyl stretching region is sufficient for differentiation of the effects of proton and
sodium cation binding to all of the nucleobases except S2,4Ura. The presence of an
unperturbed carbonyl stretch at ~1800 cm-1 and the extent of red shifting of the other
carbonyl stretch that is weakened by interaction with a proton at ~1625 cm-1 or sodium
cation at ~1650 cm-1 readily allow differentiation of the protonated and sodium
cationized complexes. Clearly the interaction with the proton is stronger as the carbonyl
stretches are red-shifted to a greater extent in the protonated complexes than in the
sodium complexes, as expected.
4.3.8 Influence of the Alkali Metal Cation Size on the Binding to Uracil and
Thiouracils
In previous work, the effects of alkali metal cation size on the binding to uracil
and the same five thiouracils were examined by energy-resolved collision-induced
dissociation experiments and theoretical electronic structure calculations.2,8 Results of
that work confirm that the strength of the M+(Ura) interaction decreases monotonically
with increasing size of the alkali metal cation. Reasonably good agreement between
theory and experiment was found for all of the Na+ and K+ complexes examined in that
work. However, the calculated values for the Li+ complexes were systematically lower
than the measured values. In that work, the canonical tautomer of the nucleobase was
assumed to be accessed in the complexes generated in the source and upon CID,
however, no direct evidence for the tautomeric conformations accessed was
determined. Present experimental and theoretical results confirm that the sodium
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cationized complexes of Ura, S2Ura, m5S2Ura, and m6S2Ura indeed involve Na+ binding
to the O4 carbonyl oxygen atom of the canonical tautomeric conformation of the
nucleobase as previously reported. However, the present results suggest that the
ground conformations of the Na+(S4Ura) and Na+(S2,4Ura) complexes involve minor
tautomers. At the B3LYP/6-311+G(2d,2p) level of theory, these tautomeric conformers
are 19.4 and 27.8 kJ/mol more stable (free energy) than the structures previously
calculated in the CID study. However, the Na+(S4Ura) and Na+(S2,4Ura) bond
dissociation

energies

(BDEs)

measured

(and

calculated

at

the

MP2(full)/6-

311+G(2d,2p)//B3LYP/6-31G* level of theory) in the previous work, 125.8 ± 4.7 (122.1)
and 100.2 ± 5.8 (98.9) kJ/mol, respectively, exhibit excellent agreement.2 In contrast,
the agreement between the measured and calculate BDEs is much poorer based on the
new ground conformers found here. The calculated BDEs become 138.9 and 131.4
kJ/mol, respectively, based on MP2(full) single point energies. The agreement is even
worse for energetics based on B3LYP single point energies, where the computed BDEs
are 151.1 and 144.4 kJ/mol, respectively. This suggests that the complexes accessed in
the CID study indeed involve Na+ binding at O2 and S4 of the canonical tautomer of the
nucleobase, respectively. The differences in the tautomeric conformations of the
Na+(S4Ura) and Na+(S2,4Ura) complexes accessed in that work and in the present study
likely arise as a result of the differences in the way in which the ions were generated. In
the CID study, the complexes were formed by gas-phase three-body associative
reactions and collisionally stabilized in a flow tube ion source, where the sodium cation
was generated by dc discharge and the nucleobase was introduced by gentle heating in
a thermal probe. The excellent agreement between theory and experiment found in that
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work suggests that collisional stabilization of the initially formed complex before
tautomerization to form the ground conformer results in kinetic trapping of an excited
conformer of the complex and that the measured BDE is a diabatic value. In contrast,
these complexes were generated by ESI in the present work and spectroscopic results
suggest that the ground conformers were accessed in all cases. Thus, it would be
fruitful to re-examine the CID behavior of the Na+(S4Ura) and Na+(S2,4Ura) complexes
generated by ESI.
To further investigate the effects of the size of the alkali metal cation on the
structures and IR spectra of uracil and the thiouracils, we also calculated the low-energy
tautomeric conformations of the analogous M+(Ura) and M+(SxUra) complexes, where
M+ = Li+, K+, Rb+, and Cs+. The calculations were carried out at the same level of theory
as used for the protonated and sodium cationized complexes, i.e., B3LYP/6311+G(2d,2p)//B3LYP/6-31G(d). However, these basis sets are not parameterized for
Rb and Cs. Thus, we used a hybrid basis set for the complexes involving these metal
cations, where the effective core potentials and valence basis sets of Hay and Wadt14
with an additional polarization (d) function added with exponents of 0.24 and 0.19 as
suggested by Glendenning et al.,15 respectively, were used to describe the Rb+ and Cs+,
and the standard 6-31G(d) and 6-311+G(2d,2p) basis sets for all other atoms. The
ground tautomeric conformations found for these complexes as well as the analogous
complexes to Na+ are compared in the Figure 4.10. In all cases, the bond distances
between the alkali metal cation and the neutral ligands increase as the atomic radius of
the metal cation increases from Li+ to Cs+ in both monodentate (Ura, S2U, m5S2Ura, and
m6S2Ura) and bidentate (S4Ura and S2,4Ura) binding interactions. In the complexes to
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Ura, S2Ura, m5S2Ura, and m6S2Ura, the ground tautomeric conformation of the
nucleobase remains the same for all five alkali metal cation complexes. In contrast, in
the complexes to S4Ura and S2,4Ura, the ground tautomeric conformation of the
nucleobase remains the same for Li+ through Rb+, but changes for the Cs+ complexes.
In addition, the larger radius of the sulfur atom results in a larger M+−S2 bond distance
in the M+(S2,4Ura) complexes as compared to the M+−O2 bond distance in the
M+(S4Ura) complexes. Overall comparison of the relative free energies of the lowenergy tautomeric conformers found suggests that the smaller, more strongly bound
metal cations are more effective at stabilizing minor tautomers of the nucleobase.
Although the Li+ and K+ complexes were not examined in the present study,
similar comparisons based on theory can be made. At the B3LYP/6-311+G(2d,2p) level
of theory, the ground tautomeric conformations of the Li+(S4Ura), Li+(S2,4U), K+(S4U),
and K+(S2,4U) complexes are 23.9, 44.6, 8.3, and 13.6 kJ/mol more stable (free energy)
than the structures previously calculated in the CID study, respectively. However the
agreement between the BDEs measured (and calculated) in that work for these
complexes, 213.1 ± 5.0 (180.1), 175.1 ± 4.5 (144.9), 97.3 ± 5.5 (91.7), and 80.8 ± 2.8
(69.7) kJ/mol, respectively, isn’t sufficient to rule out the presence of the ground
tautomeric conformations for these complexes.2 In contrast to the complexes to Na+, the
BDEs computed based on the new ground conformers found here for the complexes to
Li+ and K+ , 202.3, 195.6, 100.9, and 90.7 kJ/mol (MP2(full) results) and 217.1, 210.2,
103.4, and 92.3 kJ/mol (B3LYP results), respectively, exhibit better agreement with the
measured values. Thus, it would also be fruitful to re-examine the CID behavior of the
Li+(S4Ura), Li+(S2,4Ura), K+(S4Ura), and K+(S2,4Ura) complexes generated by ESI to
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more definitively establish the thermochemistry associated with these systems.
In addition to examining the structures and energetics of the alkali metal
cation-nucleobase complexes, we also computed the linear IR spectra for the ground
tautomeric conformations of these systems. The IRMPD action spectra of the
Na+(SxUra) complexes are compared to the calculated linear IR spectra for the
M+(SxUra) complexes for all five alkali metal cations in Figures 4.11 to 4.16. For all
complexes except those to S2,4Ura, a band associated with an alkali metal cation bound
carbonyl stretch is found near 1650 cm-1. This band becomes increasingly blue-shifted
as the size of the alkali metal cation increases, or equivalently as the strength of the
M+(SxUra) interaction becomes weaker. Thus, once again, the carbonyl stretching
region may be sufficient for characterizing these complexes.
Other bands in the IR spectra of these complexes also exhibit systematic
changes with the size of the alkali metal cation that can be used to further understand
the effects of the size of the alkali metal cation on the binding interaction. In the M+(Ura)
complexes, the bands associated with the free carbonyl stretch at ~1800 cm-1 and
in-plane N1−H bending at ~1485 cm-1 become increasingly red-shifted as the size of
alkali metal cation increases. For the M+(S2Ura) complexes, the bands associated with
the C═S2 stretch at ~1155 cm-1 and asymmetric N1−H and N3−H bending at ~1530
cm-1 become increasingly red shifted as the size of the alkali metal cation increases.
Likewise, for the M+(m5S2Ura) complexes, the bands associated with C═S2 stretching
at ~1130 cm-1, C2−N1−C6 stretching at ~1200 cm-1, and asymmetric N1−H and N3−H
bending at ~1530 cm-1 become increasingly red shifted as the size of the alkali metal
cation increases. For the M+(m6S2Ura) complexes, the bands associated with C═S2
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stretching at ~1140 cm-1 and asymmetric N1−H and N3−H bending at ~1540 cm-1
become increasingly red shifted, whereas the mixed character mode associated with
C5═C6 stretching and in-plane N1−H bending at ~1600 cm-1 becomes increasingly blue
shifted as the size of the alkali metal cation increases. For the M+(S4Ura) complexes,
the minor bands associated with C═S2 stretching at ~1120 cm-1 and C2−N3 stretching
at ~1240 cm-1 become increasingly red shifted as the size of the alkali metal cation
increases. Thus, the alkali metal cation complexes to Ura, S2Ura, m5S2Ura, m6S2Ura,
and S4Ura all exhibit systematic changes in their IR spectra that allow the various
complexes to be differentiated. The effects of the size of the alkali metal cation on the
IR spectra of the M+(S2,4Ura) complexes are much less significant. Only the minor band
at ~1130 cm-1 associated with the mixed character mode comprised of N1−C2, C4−S,
and C4−C5 stretching is red shifted as the size of the alkali metal cation increases,
whereas the positions of all other bands remain virtually unchanged as the size of the
cation changes. Thus, these M+(S2,4Ura) complexes would be very challenging to
differentiate based on their IRMPD action spectra. As discussed above, the ground
tautomeric conformations of S4Ura and S2,4Ura change for the complexes to Cs+ as
compared to the smaller alkali metal cations. These results indicate that the larger
atomic radius of Cs+ leads to longer metal-ligand distances and weaker interactions
such that the metal cation is not as effective at facilitating the tautomerization of the N3
hydrogen atom, and thus, the ground tautomeric conformations accessed in these
complexes involve the canonical tautomers of S4Ura and S2,4Ura. As a result of the
difference in the preferred binding mode, the Cs+(S4Ura) complex provides a diagnostic
band at ~1120 cm-1, whereas the Cs+(S2,4Ura) complex exhibits several diagnostic
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bands at ~1080, 1180, and 1460 cm-1. Thus, the Cs+ complexes of S4Ura and S2,4Ura
should be readily differentiated from the other alkali metal cationized complexes.
4.4 Conclusions
The IRMPD action spectra of the sodium cationized complexes of uracil and five
thiouracils in the region ~1000 to 1900 cm-1 have been measured. Comparison of the
measured IRMPD spectra with the linear IR spectra calculated at the B3LYP/6-31G(d)
level of theory allows the conformations accessed under the experimental conditions
employed to be identified. In all cases, the measured IRMPD spectra are in excellent
agreement with the theoretical linear IR spectra of the ground conformations computed,
indicating that these conformers were the primary species populated in the experiments.
The ground structures calculated for Na+(Ura), Na+(S2Ura), Na+(m5S2Ura), and
Na+(m6S2Ura) at the B3LYP/6-31G(d) level of theory reveal that the sodium cation
preferentially binds to the 4-keto moiety of the canonical 2,4-diketo or 2-thioketo-4-keto
tautomer in these complexes, whereas binding of a sodium cation in the Na+(S4Ura) and
Na+(S2,4Ura) complexes preferentially stabilizes an alternative 2-keto-4-sulfhydryl or
2-thioketo-4-sulfhydryl tautomer. In all cases, no evidence for additional low-energy
conformers was observed in the measured IRMPD action spectra suggesting that only
one tautomeric conformation was accessed for each complex. However, low-energy
sulfhydryl rotamers of Na+(S4Ura) and Na+(S2,4Ura) produce theoretical spectra that are
nearly identical to that of the ground C conformers, making it impossible to definitively
establish the presence or absence of these low-energy conformers in the IRMPD
spectra. Comparison of the protonated and other alkali metal cationized complexes of
these nucleobases suggest that the stronger the metal cation-nucleobase interaction,
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the more effective the metal is at stabilizing minor tautomers and thus the stability and
hydrogen-bonding characteristics of these systems.
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Table 4.1 Relative Enthalpies and Gibbs Free Energies in kJ/mol of the Twelve Most
Stable Tautomeric Forms of Sodium Cationized Uracil and Thiouracils Calculated at the
B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d) Level of Theory.
Complex

Tautomer

ΔH298

ΔG298

Na+(Ura)

A
B
C
D
E
F
G
H
I
J
K
L

0.0
10.1
11.0
16.6
26.3
30.0
35.9
40.4
45.9
45.8
56.6
59.8

0.0
13.6
15.2
16.2
30.4
32.8
36.5
43.9
48.4
49.7
60.2
63.6

Na+(S2Ura)

A
I
F
C
B
G
E
O
DD
H
J
M

0.0
15.4
16.6
12.9
17.6
25.2
29.1
34.4
41.3
42.1
51.7
52.5

0.0
15.6
16.6
16.8
20.7
24.1
33.0
33.1
38.5
45.5
53.1
54.2

Na+(m5S2Ura)

A
I
F
C
B
G
DD
E
O
H
J
M

0.0
6.1
7.8
8.5
12.0
23.4
31.3
26.4
32.7
38.4
43.8
48.6

0.0
5.4
7.8
12.3
14.7
21.8
28.6
29.0
30.4
40.7
44.8
49.3

131

Table 4.1 (cont’d) Relative Enthalpies and Gibbs Free Energies in kJ/mol of the Twelve
Most Stable Tautomeric Forms of Sodium Cationized Uracil and Thiouracils Calculated
at the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d) Level of Theory.
Complex

Tautomer

ΔH298

ΔG298

Na+(m6S2Ura)

A
C
I
B
F
G
O
E
DD
H
M
J

0.0
9.3
15.3
13.8
16.2
25.5
34.1
30.8
42.0
43.4
51.4
56.0

0.0
12.6
16.2
16.4
16.9
24.2
32.0
32.4
39.3
44.8
51.0
56.9

Na+(S4Ura)

C
B
E
H
D
AA
AB
J
L
K
F
N

0.0
4.2
13.2
15.9
21.9
35.5
39.1
40.1
42.7
46.7
46.7
55.1

0.0
3.9
13.2
15.1
19.4
30.2
32.6
40.3
42.9
46.2
46.7
54.0

Na+(S2,4Ura)

C
B
E
H
I
F
AA
AB
DD
J
G
L

0.0
7.1
12.2
14.3
24.9
29.3
32.0
34.6
42.6
43.6
48.8
47.0

0.0
6.6
12.1
13.6
20.4
26.0
27.8
29.3
37.9
41.7
43.2
45.3
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Figure 4.1 Infrared multiple photon dissociation action spectra of Na+(Ura) and five
Na+(SxUra) complexes.
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Figure 4.2 Comparison of the measured IRMPD action spectrum of Na+(Ura) with the
linear IR spectra predicted for the four most stable conformers of Na+(Ura) calculated
at the B3LYP/6-31G(d)
B3LYP/6 31G(d) level of theory.
theory The structures and B3LYP/6-311+G(2d,2p)
B3LYP/6 311+G(2d 2p)
relative Gibbs free energies of each conformer are also shown.
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Figure 4.3 Comparison of the measured IRMPD action spectrum of Na+(S2Ura) with
the linear IR spectra predicted for the four most stable conformers of Na+(S2Ura)
calculated at the B3LYP/6-31G(d)
B3LYP/6 31G(d) level of theory.
theory The structures and B3LYP/6B3LYP/6
311+G(2d,2p) relative Gibbs free energies of each conformer are also shown.
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Figure 4.4 Comparison of the measured IRMPD action spectrum of Na+(m5S2Ura)
with the linear IR spectra predicted for the five most stable conformers of
Na+(m5S2Ura) calculated at the B3LYP/6-31G(d)
B3LYP/6 31G(d) level of theory.
theory The structures and
B3LYP/6-311+G(2d,2p) relative Gibbs free energies of each conformer are also
shown.
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Figure 4.5 Comparison of the measured IRMPD action spectrum of Na+(m6S2Ura)
with the linear IR spectra predicted for the five most stable conformers of
Na+(m6S2Ura) calculated at the B3LYP/6-31G(d)
B3LYP/6 31G(d) level of theory.
theory The structures and
B3LYP/6-311+G(2d,2p) relative Gibbs free energies of each conformer are also
shown.
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Figure 4.6 Comparison of the measured IRMPD action spectrum of Na+(S4Ura) with
the linear IR spectra predicted for the five most stable conformers of Na+(S4Ura)
calculated at the B3LYP/6-31G(d)
B3LYP/6 31G(d) level of theory.
theory The structures and B3LYP/6B3LYP/6
311+G(2d,2p) relative Gibbs free energies of each conformer are also shown.
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Figure 4.7 Comparison of the measured IRMPD action spectrum of Na+(S2,4Ura) with
the linear IR spectra predicted for the four most stable conformers of Na+(S2,4Ura)
calculated at the B3LYP/6-31G(d)
B3LYP/6 31G(d) level of theory.
theory The structures and B3LYP/6B3LYP/6
311+G(2d,2p) relative Gibbs free energies of each conformer are also shown.
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Figure 4.8 Comparison of the B3LYP/6-31G(d) ground-state tautomeric
conformations of the protonated and sodium cationized forms of uracil and five
thiouracils including: 2-thiouracil
2 thiouracil (S2Ura),
Ura) 5-methyl-2-thiouracil
5 methyl 2 thiouracil (m5S2Ura),
Ura) 6-methyl-26 methyl 2
6
2
4
2,4
thiouracil (m S Ura), 4-thiouracil (S Ura), and 2,4-dithiouracil (S Ura).
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Figure 4.9 Comparison of the measured IRMPD action spectra of the protonated and
sodium cationized forms of uracil and five thiouracils including: 2-thiouracil (S2Ura),
5 methyl 2 thiouracil (m5S2Ura),
5-methyl-2-thiouracil
Ura) 6-methyl-2-thiouracil
6 methyl 2 thiouracil (m6S2Ura),
Ura) 4-thiouracil
4 thiouracil (S4Ura),
Ura)
2,4
and 2,4-dithiouracil (S Ura).
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Figure 4.10 Comparison of the B3LYP/6-31G(d) ground-state tautomeric
conformations of the alkali metal cationized complexes of uracil and five thiouracils
including: 2-thiouracil
2 thiouracil (S2Ura),
Ura) 5-methyl-2-thiouracil
5 methyl 2 thiouracil (m5S2Ura),
Ura) 6-methyl-2-thiouracil
6 methyl 2 thiouracil
6
2
4
2,4
(m S Ura), 4-thiouracil (S Ura), and 2,4-dithiouracil (S Ura). The metal-ligand bond
distances in Å are also provided.
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Figure 4.10 (con’t) Comparison of the B3LYP/6-31G(d) ground-state tautomeric
conformations of the alkali metal cationized complexes of uracil and five thiouracils
including: 2-thiouracil
2 thiouracil (S2Ura),
Ura) 5-methyl-2-thiouracil
5 methyl 2 thiouracil (m5S2Ura),
Ura) 6-methyl-2-thiouracil
6 methyl 2 thiouracil
6
2
4
2,4
(m S Ura), 4-thiouracil (S Ura), and 2,4-dithiouracil (S Ura). The metal-ligand bond
distances in Å are also provided.
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Figure 4.10 (con’t) Comparison of the B3LYP/6-31G(d) ground-state tautomeric
conformations of the alkali metal cationized complexes of uracil and five thiouracils
including: 2-thiouracil
2 thiouracil (S2Ura),
Ura) 5-methyl-2-thiouracil
5 methyl 2 thiouracil (m5S2Ura),
Ura) 6-methyl-2-thiouracil
6 methyl 2 thiouracil
6
2
4
2,4
(m S Ura), 4-thiouracil (S Ura), and 2,4-dithiouracil (S Ura). The metal-ligand bond
distances in Å are also provided.
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Figure 4.11 Comparison of the measured IRMPD action spectra of Na+(Ura) with the
linear IR spectra of alkali metal cationized uracil, M+(Ura) calculated at the
B3LYP/6 31G(d) and B3LYP/HW-6-31G(d)
B3LYP/6-31G(d)
B3LYP/HW 6 31G(d) levels of theory,
theory where M+ = Li+, Na+, K+,
Rb+, and Cs+.
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Figure 4.12 Comparison of the measured IRMPD action spectra of Na+(S2Ura) with
the linear IR spectra of alkali metal cationized uracil, M+(S2Ura) calculated at the
B3LYP/6 31G(d) and B3LYP/HW-6-31G(d)
B3LYP/6-31G(d)
B3LYP/HW 6 31G(d) levels of theory,
theory where M+ = Li+, Na+, K+,
Rb+, and Cs+.
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Figure 4.13 Comparison of the measured IRMPD action spectra of Na+(m5S2Ura)
with the linear IR spectra of alkali metal cationized uracil, M+(m5S2Ura) calculated at
the B3LYP/6-31G(d)
B3LYP/6 31G(d) and B3LYP/HW-6-31G(d)
B3LYP/HW 6 31G(d) levels of theory,
theory where M+ = Li+, Na+,
K+, Rb+, and Cs+.

147

1.2
0.8

Na+((m6S2Ura)) IRMPD

0.4
0.0
1200
800

Li+(m6S2Ura)

Relative Inten
R
nsity

400
0
1200
800

Na+(m6S2Ura)

400
0
1200
800

K+(m6S2Ura)

400
0
1200
800

+

6

2

Rb (m S Ura)

400
0
800

Cs+(m6S2Ura)

400
0
1000

1200

1400

Frequency

1600
(cm-1)

1800

Figure 4.14 Comparison of the measured IRMPD action spectra of Na+(m6S2Ura)
with the linear IR spectra of alkali metal cationized uracil, M+(m6S2Ura) calculated at
the B3LYP/6-31G(d)
B3LYP/6 31G(d) and B3LYP/HW-6-31G(d)
B3LYP/HW 6 31G(d) levels of theory,
theory where M+ = Li+, Na+,
K+, Rb+, and Cs+.
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Figure 4.15 Comparison of the measured IRMPD action spectra of Na+(S4Ura) with
the linear IR spectra of alkali metal cationized uracil, M+(S4Ura) calculated at the
B3LYP/6 31G(d) and B3LYP/HW-6-31G(d)
B3LYP/6-31G(d)
B3LYP/HW 6 31G(d) levels of theory,
theory where M+ = Li+, Na+, K+,
Rb+, and Cs+.
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Figure 4.16 Comparison of the measured IRMPD action spectra of Na+(S2,4Ura) with
the linear IR spectra of alkali metal cationized uracil, M+(S2,4Ura)ra calculated at the
B3LYP/6 31G(d) and B3LYP/HW-6-31G(d)
B3LYP/6-31G(d)
B3LYP/HW 6 31G(d) levels of theory,
theory where M+ = Li+, Na+, K+,
Rb+, and Cs+.
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CHAPTER 5 INFRARED MULTIPLE PHOTON DISSOCIATION ACTION
SPECTROSCOPY OF DEPROTONATED DNA MONONUCLEOTIDES: GAS-PHASE
CONFORMATIONS AND ENERGETICS
Portions of this chapter were reprinted with permission from Nei, Y.-w.; Hallowita, N.;
Steill, J. D.; Oomens, J.; Rodgers, M. T. Infrared Multiple Photon Dissociation Action
Spectroscopy of Deprotonated DNA Mononucleotides: Gas-Phase Conformations and
Energetics. J. Phys. Chem. A 2013, 117, 1319−1335. Copyright 2013 American
Chemical Society.
5.1 Introduction
The current chapter examines the structures and intrinsic factors that lead to
stabilization of the deprotonated forms of the DNA mononucleotides in the absence of
bulk solvent and counter-ions. This information is crucial to understanding the various
ensemble effects that arise in condensed phase environments, and were discussed at
length in Chapter 1. The species that are included in this chapter are the deprotonated
forms

of

the

four

2'-deoxyadenosine-5'-monophosphate
(pdCyd),

canonical
(pdAdo),

2'-deoxyguanosine-5'-monophosphate

DNA

mononucleotides:

2'-deoxycytidine-5'-monophosphate
(pdGuo),

and

thymidine-5'-

monophosphate (pdThd), shown in Figure 1.1 using IRMPD action spectroscopy and
high level ab initio calculations where the ground and stable low-energy conformers of
these species are comprehensively examined. The IRMPD action spectra of these
systems are measured and compared to linear IR spectra calculated for the stable
low-lying conformations of the deprotonated forms of all four 2'-deoxymononucleotides
derived from theoretical electronic structure calculations performed at the B3LYP/6311+G(d,p) level of theory. Results presented here are compared to previous studies of
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these species reported by Gidden and Bowers using ion mobility spectrometry- mass
spectrometry (IMS-MS) and molecular dynamics techniques1 and Wang and coworkers
using ultraviolet photodissociation photoelectron spectroscopy (UVPD PES) and
electronic structure theory techniques.2
5.2 Results and Discussion
5.2.1 IRMPD Action Pathways
In all cases, IRMPD of the deprotonated DNA mononucleotides [pdNuo–H]¯
results in cleavage of the phosphate ester bond, and leads to the formation of the
metaphosphate anion, [PO3]¯, as the dominant dissociation pathway. Formation of the
deprotonated deoxyribose monophosphate, corresponding to the cleavage of the
glycosidic bond and resulting in loss of the neutral nucleobase, [pdNuo–B–H]¯, and
dihydrogen phosphate ion, [H2PO4]¯, were observed as a minor dissociation pathways.
The deprotonated nucleobase anions, [Ade–H]¯, [Cyt–H]¯, and [Thy–H]¯, were
observed as very minor dissociation products in the IRMPD of the pdAdo, pdCyd and
pdThd systems, respectively. The dissociation pathways observed in the present work
are consistent with those observed previously using collision-induced dissociation
(CID)3,4 and UVPD5,6 techniques. IRMPD mass spectra for the four deprotonated DNA
mononucleotides measured at ~1100 cm-1 are included in Figure 5.1 and their reactant
and product ions labeled in Table 5.1.
5.2.2 IRMPD Action Spectra
IRMPD spectra were obtained for [pdAdo–H]¯, [pdGuo–H]¯, [pdCyd–H]¯, and
[pdThd–H]¯ over the range from ~600 to 1800 cm-1, using the reactant and product ion
intensities after FEL irradiation at each frequency and equation 2.7 as detailed in
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Chapter 2. Details of the experimental method and parameters used are discussed in
section 2.5.3 of Chapter 2. A comparison of the measured IRMPD action spectra of
these species along with the previously reported spectrum of deprotonated diethyl
phosphate, [DEP-H]¯,7 is shown in Figure 5.2. As can be seen in the figure, unique
spectral features are observed in each spectrum that allow these ions to be readily
differentiated from one another. The presence of a sharp peak at ~1675−1720 cm-1 in
the IRMPD action spectra of [pdGuo–H]¯, [pdCyd–H]¯, and [pdThd–H]¯, but absent in
the [pdAdo−H]¯ spectrum, suggests that this band is due to the carbonyl stretching
mode of the nucleobase. However, the drastic red shifting of this mode from a normal
free carbonyl stretching mode, which usually occurs at ~1800 cm-1, suggests that the
carbonyl moiety is weakened by intramolecular noncovalent interactions. Similarly, the
appearance of an intense band at ~1600−1650 cm-1 in the IRMPD action spectra of
[pdAdo–H]¯, [pdGuo–H]¯, and [pdCyd–H]¯, that is of very low intensity in the spectrum
of [pdThd–H]¯, may be assigned to the intense NH2 scissoring absorption band that
usually appears in this region. The peaks at 715, 1080, and 1280 cm-1 in the IRMPD
action spectrum of [DEP–H]¯ were assigned to the asymmetric P−O stretching, and
symmetric and asymmetric stretching of the P=O bonds, respectively.7 The IRMPD
action spectra of the four [pdNuo–H]¯ ions exhibit bands similar to those characteristic
of the phosphate modes of [DEP–H]¯ in the region extending from ~650 to 1400 cm-1.
Several distinct features (splitting and differences in peak shape) are also observed and
are probably due to contributions arising from intramolecular interactions of the
phosphate group with the ribose and nucleobase moieties. The moderately intense
peak in the IRMPD action spectrum of [DEP–H]¯ at ~900 cm-1 that arises from
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stretching of the alkoxy group is not observed in the spectra of any of the deprotonated
DNA mononucleotides, as expected upon replacement of the ethoxy group by the
nucleoside. The IRMPD action spectra of the four [pdNuo–H]¯ ions exhibit the greatest
variation in spectral features in the region between 1400 to 1800 cm-1, whereas the
region below 1400 cm-1 exhibits many similar, but distinguishable features. These
comparisons suggest that the bands in the region between ~1400 and 1800 cm-1 are
the IR active modes of the nucleobase, whereas the region between 650 and 1400 cm-1
are primarily vibrational signatures of the phosphate and ribose moieties, with minor
contributions possibly arising from the nucleobase.
Typically, the relative intensity of IRMPD action spectra can be compared to
assess the relative stability8 and/or density of states9 of similar complexes because the
relative intensities are calculated using the IRMPD fragmentation yield as defined by
equation 2.7 of Chapter 2. The IRMPD yields of all four deprotonated DNA
mononucleotides are very similar, which suggests that they are of comparable stability.
This result is not too surprising given that the dominant fragmentation pathway
observed experimentally for all four deprotonated DNA mononucleotides involves the
cleavage of the P−O alkoxy bond to produce [PO3]¯, such that the identity of the
nucleobase plays a minor role at best in the energetics of dissociation.
5.2.3 Theoretical Results
Details of the computational methods used here are discussed in section 2.5.3 of
Chapter 2. Select dihedral angle parameters of the stable low-energy conformations of
the deprotonated mononucleotides are listed in Table 5.2. For all of the deprotonated
DNA mononucleotides except [pdGuo–H]¯, the ribose moiety is in a C3'-endo
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conformation where the ∠C1'C2'C3'C4' dihedral angle lies in the range between 36.9
and 38.4°, and the nucleobase is in an anti conformation where the ∠OC1'N9C4
dihedral angle of [pdAdo–H]¯ and the ∠OC1'N9C2 dihedral angles of [pdCyd–H]¯ and
[pdThd–H]¯ vary between −142.5 to −152.3° in the ground structures, and are
designated as the AC3_1 conformers in Figures 5.3 to 5.6. These conformations
facilitate stabilization of the excess negative charge on the deprotonated phosphate
group via formation of an intramolecular hydrogen bond with the 3'-hydroxyl substituent
of the ribose moiety and rotation of the nucleobase away from the phosphate moiety to
minimize repulsive interactions with the lone pairs of electrons on the functional groups
of the nucleobases. In the case of [pdGuo–H]¯, the ground conformer adapts the C3'endo and syn conformations, where the excess negative charge on the phosphate
group is solvated by two hydrogen-bonding interactions, one with the 3'-hydroxyl
hydrogen atom of the ribose moiety, and the other with one of the 2-amino hydrogen
atoms of guanine, and is designated as the SC3_1 conformer in Figure 5.6. The
∠C1'C2'C3'C4' and ∠OC1'N9C4 dihedral angles of the ground conformer of [pdGuo–
H]¯ are 26.3 and 62.9°, respectively.
All stable low-energy conformers found in this study for each of the deprotonated
DNA mononucleotides exhibit only the C3'-endo conformation and are stabilized by an
intramolecular hydrogen-bonding interaction between the oxo oxygen atom of the
deprotonated phosphate moiety and the 3'-hydroxyl hydrogen atom of the ribose moiety,
except for the AC3_5 conformer of [pdAdo–H]¯, where the ∠C1'C2'C3'C4' dihedral
angle is −7.9° as compared to all other conformers where this dihedral angle lies
between 23.9 and 38.6° as listed in Table 5.2. Several excited low-energy conformers
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that exhibit only slight variations in the orientation of the phosphate moiety are found.
These results suggest that deprotonation of the phosphate moiety facilitates puckering
of the C3'-endo conformation.
Comparison of the ground and stable low-energy conformers of [pdAdo−H]¯,
[pdCyd–H]¯, and [pdThd–H]¯shows that two different families of conformations are
found as can easily be seen by comparing the ∠OC5'C4'C3' and ∠POC5'C4' dihedral
angles for these systems listed in Table 5.2. The orientation of the ∠OC5'C4'C3'
dihedral angle can be best illustrated by the gauche conformation about the C4'−C5'
bond shown in Figure 5.7 where a positive ∠OC5'C4'C3' dihedral angle indicates that
the phosphate ester oxygen atom lies above the C3' atom in the gauche conformation
and points above the plane of the ribose moiety, defined by ∠C4'OC1', or on the same
side as the nucleobase. In contrast, a negative ∠OC5'C4'C3' dihedral angle suggests
that the phosphate ester oxygen atom lies below the C3' atom in the gauche
conformation and points downward relative to the plane of the ribose, or to the opposite
side of the nucleobase, but lies slightly above the plane of the ribose. The ∠POC5'C4'
dihedral angle is always of the opposite sign as the ∠OC5'C4'C3' dihedral angle to
stabilize the hydrogen-bonding interaction between the deprotonated phosphate oxo
oxygen and 3'-hydroxyl hydrogen atoms. In all cases, the conformations where the
∠OC5'C4'C3' dihedral angle is positive, or the phosphate ester oxygen atom points
above the plane of the ribose, are the ground conformations. These conformers are
stabilized by a weak noncanonical hydrogen-bonding interaction between the
phosphate ester oxygen atom and the H8 or H6 hydrogen atoms of the purine or
pyrimidine nucleobase, where the C−H•••O hydrogen bond distances in the ground
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conformers for the purine and pyrimidine nucleobases are 2.5 and 2.2 Å, respectively.
Enthalpies and Gibbs free energies relative to the ground conformation
calculated at the B3LYP, B3P86, M06, and MP2(full) levels of theory using the
6-311+G(2d,2p) basis set, including ZPE and thermal corrections at 298 K for all stable
low-energy conformers of the four [pdNuo-H]¯ ions are summarized in Table 5.3,
whereas the relative Gibbs free energies are compared graphically in Figure 5.8. Based
on the relative enthalpies at 0 K, ΔH0 values, all four levels of theory predict the same
ground conformer for each system. The AC3_1 conformers are the ground
conformations of [pdAdo–H]¯, [pdCyd–H]¯, and [pdThd–H]¯, whereas the SC3_1
conformer is the ground conformation of [pdGuo–H]¯. In addition, all four levels of
theory predict almost parallel relative stabilities for the stable low-energy conformers
with relative enthalpy differences within 16.7 kJ/mol, except for [pdCyd–H]¯ where the
MP2(full) level of theory suggests that the AC3_7 conformer is more stable than found
at the other levels of theory examined. In contrast, more pronounced differences in the
relative Gibbs free energies (ΔG298) between the various levels of theory are found. All
four levels of theory predict the same AC3_1 ground conformers for [pdCyd–H]¯ and
[pdThd–H]¯, and the SC3_1 conformer for [pdGuo–H]¯. For [pdAdo–H]¯, MP2(full) and
M06 theory find that the AC3_1 conformer is the ground conformation. However, B3LYP
and B3P86 theories find the AC3_3 conformer to be the ground conformation. The
relative stabilities of the low-energy conformers calculated using MP2(full) and M06
theories for all four DNA mononucleotides are highly parallel with relative differences in
Gibbs free energy within 7.8 kJ/mol, except in the case of [pdCyd–H]¯, where MP2(full)
theory suggests that the AC3_7 conformer is more stable than found for the other levels
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of theory examined. Only for the [pdGuo–H]¯ and [pdCyd–H]¯ ions are the relative
stabilities of the low-energy conformers parallel for the B3LYP, B3P86, and M06 levels
of theory, with relative differences in the Gibbs free energies within 2.0 and 5.8 kJ/mol,
respectively. In the case of [pdThd–H]¯, the B3P86 results are comparable to both the
MP2(full) and M06 levels of theory with the largest difference in Gibbs free energy of
13.5 kJ/mol, whereas the B3LYP level of theory finds the AC3_3 conformer to be higher
in energy than the AC3_4 conformer. In the case of [pdAdo–H]¯, the relative stabilities
of the low-energy conformers exhibit the greatest variation across the various levels of
theory, where B3LYP and B3P86 theories only agree as to the relative Gibbs free
energies of the most stable, AC3_3, and least stable, AC3_6, conformers. Because the
MP2(full) level of theory generally provides the most reliable energetic information, the
Gibbs free energies calculated using the MP2(full) level of theory will be used
throughout the remaining discussion, whereas the optimized structures and theoretical
linear IR spectra are calculated using the B3LYP level of theory with the 6-311+G(d,p)
basis set.
Structures of all stable low-energy conformers of [pdNuo–H]¯ within 15 kJ/mol of
the ground conformation calculated at the B3LYP/6-311+G(2d,2p) level of theory and
their MP2(full)/6-311+G(2d,2p) relative Gibbs free energies at 298 K of the four
deprotonated DNA mononucleotides, [pdNuo–H]¯, are shown in Figures 5.3 through
5.6, along with their calculated linear IR spectra for comparison with the experimental
IRMPD action spectra. Hydroxyl rotamers of the phosphate moiety that exhibit virtually
identical calculated linear IR spectra are not included in these figures. All stable
low-energy conformers of these species and their relative stabilities are compared in
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Figure 5.9.
5.2.4 [pdAdo–H]¯
As discussed above, the ground structure of [pdAdo–H]¯ is the AC3_1 conformer
shown in Figures 5.3 and 5.9. In this conformer, the ribose is in a C3'-endo
conformation, the nucleobase is in an anti conformation, the ∠OC5'C4'C3' dihedral
angle is 41.3° where the phosphate ester oxygen atom points above the plane of the
ribose moiety, and one of the oxo oxygen atoms is hydrogen bonded to the 3'-hydroxyl
hydrogen atom, whereas the other oxo oxygen atom points away from the plane of the
ribose moiety and the P−OH hydroxyl group is oriented away from the nucleobase. The
next most stable conformer, AC3_2 lies a mere 0.6 kJ/mol higher in free energy, and
only differs from the ground conformer in the orientation of the free oxo oxygen atom
and P−OH hydroxyl group, see Figure 5.3 and the ∠O═POC5' and ∠O−POC5' dihedral
angles listed in Table 5.2. In the AC3_2 conformer, the oxo oxygen atom is oriented
away from the nucleobase and the P−OH hydroxyl group points away from the plane of
the ribose moiety. The hydroxyl groups of the phosphate moieties in both the ground
and first-excited conformers are oriented such that the hydrogen atoms point above the
phosphate (or away from the ribose) moiety. The hydroxyl rotamers of these two
conformers, AC3_1R and AC3_2R are shown in Figure 5.9 (and their ∠HOP−O
dihedral angles also included in Table 5.2), and lie 3.4 and 6.7 kJ/mol higher in Gibbs
free energy than the AC3_1 and AC3_2 conformers, respectively. The third-excited
AC3_3 conformer differs from the ground AC3_1 conformer in that the phosphate ester
oxygen atom points below the plane of the ribose moiety rather than above the plane
such that the ∠OC5'C4'C3' and ∠POC5'C4' dihedral angles change sign (see Table
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5.2), and lies 5.4 kJ/mol higher in free energy than the ground conformer (Figure 5.3).
Similar to the comparison of AC3_1 and AC3_2 conformers, the AC3_4 conformer
differs from the AC3_3 conformer in the orientation of the free oxo oxygen atom and
P−OH hydroxyl group, where the oxo oxygen atom is orientated away from the
nucleobase and the hydroxyl group points above the plane of the ribose moiety. The
∠OC5'C4'C3' and ∠POC5'C4' dihedral angles, −86.4 and 99.0°, are 23.2 and 10.2°
larger than in the AC3_3 conformer, respectively, leading to a more extended structure.
The AC3_4 conformer lies 6.2 kJ/mol higher in free energy than the AC3_3 conformer,
or 11.6 kJ/mol above the ground AC3_1 conformer (Figure 5.3). The phosphate
hydroxyl group of the AC3_3 conformer differs from that of the AC3_1, AC3_2, and
AC3_4 conformers, where the hydrogen atom points downward relative to the
phosphate moiety. The hydroxyl rotamers of the AC3_3 and AC3_4 conformers,
AC3_3R, AC3_3RR, and AC3_4R, are listed in Table 5.2 and shown in Figure 5.9, and
lie 8.1, 11.5, and 16.4 kJ/mol above the ground conformer, or 2.7, 6.1, and 4.8 kJ/mol
higher in free energy than the AC3_3 and AC3_4 conformers, respectively. The next
most stable conformer, AC3_5, lies 16.9 kJ/mol higher in free energy than the ground
conformer and is similar to the AC3_4 conformer, except that the P−OH hydroxyl group
is oriented away from the adjacent nucleobase. The phosphorus and oxygen atom of
the phosphate ester moiety, and the hydrogen-bonding interaction between the oxo
oxygen and 3'-hydroxy hydrogen atoms lies roughly in the same plane as the ribose
moiety, defined by ∠C4'OC1'. In this orientation the phosphate oxo oxygen atom is
closer to the 3'-hydroxyl hydrogen atom and is able to hydrogen bond with minimum
puckering of the ribose; the ∠C1'C2'C3'C4' dihedral angle is only −7.9° for AC3_5 as
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compared to 30.4 to 38.0° for the various low-energy conformers. Another extended
low-energy conformer, AC3_6, which lies 23.3 kJ/mol above the ground conformer,
differs from all of the other low-energy conformers in that the ∠OC5'C4'C3' and
∠POC5'C4' dihedral angles are both negative. The phosphate ester oxygen and
phosphorus atoms lie above and approximately in the plane of the ribose moiety,
respectively. Although the hydrogen bond between the oxo oxygen and the 3'-hydroxyl
hydrogen atoms lies below the plane of the ribose moiety, the ribose still adapts a
C3'-endo conformation where the ∠C1'C2'C3'C4' dihedral angle is 23.9°.
5.2.5 [pdCyd–H]¯
The ground AC3_1 and the first-excited AC3_2 conformers of [pdCyd–H]¯ are
highly parallel to those of [pdAdo–H]¯ in their conformation and relative stability
(compare Figures 5.3 and 5.4 and 5.9). However, the AC3_2 conformer of [pdCyd−H]¯
lies 6.3 kJ/mol higher in free energy than the ground conformer as compared to 0.6
kJ/mol for [pdAdo–H]¯. Although the AC3_3 and AC3_4 conformers of [pdCyd–H]¯ are
analogous to those of [pdAdo–H]¯, they are found to be the fourth and fifth-excited
conformers, and lie 16.7 and 21.2 kJ/mol higher in free energy than the ground
conformer, respectively. The third excited conformer, AC3_7, closely resembles AC3_3,
but is slightly more compact. The ∠OC5'C4'C3' dihedral angle for AC3_7 is −50.6° as
compared to −66.0° for AC3_3, and is found to lie 0.7 kJ/mol lower in free energy than
AC3_3, or 15.7 kJ/mol higher in free energy than the ground conformer (Figures 5.4
and 5.9).
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5.2.6 [pdThd–H]¯
The ground AC3_1 and low-energy AC3_2, AC3_3, and AC3_4 conformers of
[pdThd–H]¯ parallel those of [pdAdo–H]¯ in their conformation and relative stabilities
(compare Figures 5.3 and 5.5 and 5.9). However, the relative Gibbs free energies of
AC3_2, AC3_3, and AC3_4 are higher than those found for the analogous [pdAdo-H]¯
conformers, and are 7.4, 11.9, and 22.5 kJ/mol higher in free energy than the ground
conformer, respectively (Figures 5.5 and 5.9).
5.2.7 [pdGuo–H]¯
Stable low-energy conformations of [pdGuo–H]¯ are drastically different from
those of [pdAdo–H]¯. The 2-amino substituent of the nucleobase provides additional
stabilization to the deprotonated phosphate moiety via an intramolecular hydrogen bond
between the 2-amino hydrogen and the oxo oxygen atoms. It is probably owing to the
additional stabilization of the charge solvated dioxo group that only three stable
low-energy conformers of [pdGuo–H]¯ were found, SC3_1, SC3_2, and SC3_3, as the
additional hydrogen-bonding interaction locks down the orientations of the nucleobase
and phosphate moieties to a much greater extent as shown in Figures 5.6 and 5.9, and
two hydroxyl rotamers, SC3_1R and SC3_2R, also shown in Figure 5.9. In the ground
conformer, SC3_1, the oxo oxygen atoms of the deprotonated phosphate moiety
hydrogen bond to the 2-amino and 3'-hydroxyl hydrogen atoms of the nucleobase and
ribose moieties, respectively, whereas the P−OH hydroxyl group is oriented away from
the nucleobase, and the phosphate ester oxygen atom points below the plane of the
ribose moiety. The first-excited conformer, SC3_2, differs from the ground conformer in
that the phosphate ester oxygen atom points above the plane of the ribose, and exhibits
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a positive ∠OC5'C4'C3' dihedral angle, and is 2.3 kJ/mol less stable than the SC3_1
conformer. Hydrogen bonding to the oxo oxygen atom is obviously favored over the
phosphate hydroxy oxygen atom as the SC3_3 conformer where the phosphate-ribose
hydrogen-bonding interaction involves the phosphate hydroxyl rather than oxo oxygen
atom, is 13.0 kJ/mol less stable in free energy as compared to the ground conformer. In
an attempt to probe the stability of the charge-solvated syn conformers, the analogous
anti conformations of the SC3_1 and SC3_2 conformers, AC3_2 and AC3_1, were also
calculated and found to lie 49.5 and 39.8 kJ/mol higher in free energy, respectively.
These conformers are also included in Figure 5.9.
5.3 Discussion
5.3.1 Comparison of Experimental and Theoretical IR Spectra of [pdAdo–H]¯
Figure 5.3 compares the experimental IRMPD action spectrum and the
calculated linear IR spectra and optimized structures for the six most stable conformers
found for [pdAdo–H]¯ (excluding hydroxyl rotamers that cannot be differentiated by their
IR spectra). The theoretical IR spectra for the ground and all six of these excited lowenergy conformers are in good agreement with the IRMPD action spectrum in the
region from ~1300 to 1650 cm-1 (spectral features indicated in blue), which is not
surprising, considering the IR active modes in this region are stretching modes of the
nucleobase, and the conformation of the nucleobase changes very little across these
conformers. Thus, in this spectral region the stable low-energy conformers of
[pdAdo-H]¯ cannot be readily differentiated. Although the calculated linear IR spectra of
[pdAdo–H]¯ in the spectral region from ~600 to 1300 cm-1 are more characteristic of
each conformer than the (blue) nucleobase region, good agreement between the

163
theoretical and measured spectra is also observed for multiple conformers. This
agreement combined with peak broadening in the experimental spectrum, suggests that
multiple conformers may be accessed in the experiments rather than just the ground
conformer. The calculated IR spectrum of the AC3_1 conformer exhibits good
agreement with the measured IRMPD spectrum for the resonant frequencies at 650,
700, 820, 975, 1050, 1240, and 1285 cm-1, whereas blue shifting of the calculated
spectral lines relative to the experimental spectrum is observed at 870 and 940 cm-1,
and red shifting at 725 cm-1. The low intensity bands at 1110 and 1155 cm-1 in the
calculated spectrum appear as a shoulder of the broad band at ~1000−1175 cm-1. A
moderately intense band at 770 cm-1 of the theoretical spectrum is not observed in the
experimental spectrum at the rising region of the broad band at 810 cm-1. It is possible
that theory has underestimated this band and in reality it should be slightly blue shifted
and coupled to the neighboring peak at 820 cm-1 to produce the broad band observed in
the experimental IRMPD spectrum. Conversely, the B3LYP and B3P86 levels of theory
may have predicted the correct relative stability order in which the AC3_1 conformer is
not the ground-state, but an excited low-energy conformer that lies just slightly higher in
free energy than the ground AC3_3 conformer. The theoretical IR spectrum of the firstexcited conformer, AC3_2, differs slightly from the ground conformer in the regions
between 750−850 cm-1 and 1200−1300 cm-1. The unresolved peaks at 790 and 820
cm-1 appear as a broad band in the IRMPD action spectrum at ~810 cm-1. The intense
peak at 1260 cm-1 is red shifted relative to the calculated spectrum for the ground
conformer, and may contribute to the broadening of the band at ~1285 cm-1 in the
experimental spectrum. The spectral features at 725, 810, 865, 1050, and 1100 cm-1 in
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the IRMPD action spectrum of [pdAdo–H]¯ are probably best reproduced by the
spectrum calculated for the AC3_3 conformer, except that the peak at 725 cm-1 in the
IRMPD spectrum is slightly red shifted in the calculated spectrum. The intense peak at
1250 cm-1 in the theoretical spectrum is further red shifted as compared to the
first-excited AC3_2 conformer, which may again contribute to the observed band
broadening in the experimental spectrum, or appears as the partially resolved peak at
~1240 cm-1. Comparison of the theoretical IR spectrum of the AC3_4 conformer to the
IRMPD action spectrum finds good agreement in the band positions at 725, 1050, 1100,
and 1285 cm-1. However, the presence of the absorption bands at 760 and 920 cm-1 in
the theoretical IR spectrum, but absent in the measured IRMPD spectrum, suggests
that the AC3_4 conformer is not accessed in the experiments. The relative Gibbs free
energies for conformers AC3_5 and AC3_6 are considerably higher, suggesting that
these conformers are not likely to be accessed in the experiments. The broad peaks
observed in the calculated spectrum for AC3_5 at 675 and 1025 cm-1, and the bands at
760 and 1060 cm-1 in the theoretical spectrum of AC3_6 also suggest that these two
conformers do not contribute to the measured spectrum.
Comparison of the vibrational modes of the AC3_1, AC3_2, and AC3_3
conformers found from the DFT calculations to the IRMPD action spectrum of
[pdAdo−H]¯ allows peak assignments to be made, which are summarized in Tables 5.4
and 5.5. As discussed previously, the vibrational modes in the region from ~1300 to
1650 cm-1 are primarily due to the IR active modes of the nucleobase with minor
contributions from mixed character modes arising from the ribose moiety, whereas the
bands from 650 to 1300 cm-1 arise from the vibrational modes of the phosphate and

165
ribose moieties with minor contributions arising from mixed character modes associated
with the nucleobase.
5.3.2 Comparison of Experimental and Theoretical IR Spectra of [pdCyd–H]¯
Figure 5.4 compares the measured IRMPD action spectrum with the calculated
linear IR spectra and optimized structures for the five most stable conformers found for
[pdCyd–H]¯ (excluding hydroxyl rotamers that cannot be differentiated by their IR
spectra). The IRMPD action spectrum exhibits excellent agreement with the theoretical
spectrum of the ground AC3_1 conformer in all regions, except for the absorption band
at 800 cm-1, where the measured spectrum exhibits better agreement with the
theoretical spectrum of the first-excited AC3_2 conformer. However, the peak at 1260
cm-1 of the AC3_2 conformer is slightly red shifted relative to the measured spectrum. It
is possible that both conformers are accessed in the experiments to produce the
shoulders that appear on the red side of these bands, because these two conformers
only differ by a rotation of the phosphate moiety (Figure 5.4). The IR spectra of both of
these conformers also suggests that there should be an absorption band at 650 cm-1,
which is low in intensity but is clearly observed in the measured spectrum. Comparison
of the theoretical IR spectrum of the third-excited AC3_7 conformer to the experimental
IRMPD action spectrum is much less satisfactory than for the AC3_1 and AC3_2
conformers. In particular, notable differences include the absence of a low intensity
band near ~695 cm-1 in the experimental IRMPD spectrum, and the presence of the
partially resolved bands at 1250 and 1290 cm-1 in the calculated IR spectrum. However,
the spectral line at ~1080 cm-1 of the AC3_7 IR spectrum is very well matched to the
partially resolved bands at ~1100 cm-1 of the IRMPD action spectrum suggesting that if
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accessed, the AC3_7 conformer is a very minor contributor to the measured spectrum.
The theoretical spectrum of the fourth-excited AC3_3 conformer in the region from 600
to 1300 cm-1 is surprisingly different than the AC3_7 conformer, considering that they
only differ by 10º in the ∠POCC dihedral angle and the rotation of the phosphate
hydroxyl group. The most diagnostic bands in the AC3_3 spectrum that suggest the
absence of this conformer in the experiments are the low intensity band at ~705 cm-1,
the partially resolved bands from 1010 to 1150 cm-1 in which the peaks are very closely
spaced as compared to the measured IRMPD spectrum, and that the spectral line at
1095 cm-1 in the theoretical IR spectrum does not match the dip or split in the
absorption band at ~1100 cm-1 of the experimental IRMPD spectrum. The relatively
large difference in free energy as compared to the ground conformer, 16.7 kJ/mol, also
suggests that the AC3_3 conformer is not likely to be an important contributor to the
measured IRMPD spectrum. The calculated spectrum of the fifth-excited AC3_4
conformer exhibits a very good match to the experimental IRMPD spectrum from 1250
to 1750 cm-1, and a reasonable match to the broad band extending from 700 to 850
cm-1. However, the peaks at 900 and 1000 cm-1, and the broad band extending from
1010 to 1110 cm-1 are clearly absent in the measured IRMPD spectrum, suggesting that
the AC3_4 conformer is not accessed in the experiments.
Comparison of the vibrational modes of the AC3_1, AC3_2, and AC3_7
conformers found from the DFT calculations to the IRMPD action spectrum of
[pdCyd−H]¯ allows peak assignments to be made, which are summarized in Tables 5.4
and 5.5. The bands in the region of 1300−1750 cm-1 again arise largely from the
vibrational modes of the nucleobase with minor contributions arising from mixed
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character modes of the ribose moiety. In the stable low-energy structures calculated
here, there are no noncovalent interactions with the carbonyl group of cytosine as
speculated earlier. Thus, the red shifting of the carbonyl stretching mode observed in
the measured spectrum as opposed to a normal free carbonyl functional group is
probably a result of electron redistribution in the aromatic rings to stabilize the excess
negative charge of the deprotonated dioxo group. The vibrational modes of the
phosphate and ribose moieties again dominate the broad absorption bands at 700−850,
1000−1150, and 1225−1300 cm-1 with minor contributions from mixed character modes
associated with the nucleobase. As found for [pdAdo–H]¯ , the band observed at ~1180
cm-1 in the IRMPD spectrum is not predicted by DFT calculations. The only calculated
frequency close to this band is the slightly blue shifted peak at ~1200 cm-1 in the AC3_7
spectrum. The unresolved peaks at 865 and 950 cm-1 in the experimental IRMPD
spectrum are matched to the calculated frequencies that arise from the ribose moiety.
5.3.3 Comparison of Experimental and Theoretical IR Spectra of [pdThd–H]¯
Figure 5.5 compares the IRMPD action spectrum and the calculated linear IR
spectra and optimized structures of the four most stable conformers found for
[pdThd-H]¯ (excluding hydroxyl rotamers that cannot be differentiated by their IR
spectra). The measured IRMPD spectrum of [pdThd–H]¯ exhibit bands that are
significantly broadened in the region from ~950−1150 cm-1 and 1200−1325 cm-1. The
spectral features in the region from 1300 to 1750 cm-1 of the calculated linear IR spectra
for all of the stable conformers found for [pdThd–H]¯ are very similar, making the
differentiation of these conformers in this region very difficult. The absorptions bands in
the IR region from 600 to 900 cm-1 are probably the best diagnostic bands for identifying
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the stable low-energy conformers accessed in the experiments. The low intensity bands
at ~650 and 870 cm-1 in the experimental spectrum provide a good match to the
frequencies calculated in the theoretical IR spectra of the AC3_1 and AC3_2
conformers and are only found in the spectra of these two conformers, suggesting that
these two conformers are accessed in the experiments. The band observed at 725 cm-1
provides a reasonable match to the band at 710 cm-1 computed for the AC3_1 and
AC3_2 conformers. The bands at 770 and 805 cm-1 are in good agreement with the
bands at 780 and 810 cm-1 computed in the IR spectra of AC3_1 and AC3_2,
respectively, again suggesting that these two conformers are the dominant species
accessed in the experiments. The peak that appears at ~805 cm-1 in the calculated IR
spectrum of the AC3_3 conformer matches the measured spectrum well. But, this
conformer exhibits a low intensity band at ~700 cm-1 that is not present in the measured
IRMPD spectrum. However, the AC3_3 conformer only lies 11.9 kJ/mol higher in free
energy than the ground conformer, and the broad bands observed in the regions from
1000−1150 cm-1, and in particular the band from 1200−1300 cm-1 in the theoretical IR
spectrum are well matched to the corresponding broad bands observed in the
measured spectrum. Therefore, it is plausible that these spectral features from the
AC3_3 conformer may also contribute to the measured IRMPD spectrum. Comparison
of the IRMPD action spectrum to the calculated linear IR spectrum for the fourth-excited
AC3_4 conformer also exhibits reasonable agreement in the regions from 1000−1150
and 1200−1300 cm-1, and in the low frequency region, at 725 and 770 cm-1. The
appearance of a minor peak in the calculated IR spectrum at ~910 cm-1, but absent in
the measure IRMPD spectrum alone cannot rule out the presence of this conformer in
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the experiments. However, the relative Gibbs free energy calculated using MP2(full)
theory (22.5 kJ/mol) suggests that if accessed experimentally, this conformer is at best
a very minor contributor to the measured spectrum.
Comparison of the vibrational modes of the AC3_1, AC3_2, and AC3_3
conformers found from the DFT calculations to the IRMPD action spectrum of
[pdThd−H]¯ allows peak assignments to be made, which are summarized in Tables 5.4
and 5.5. The bands in the higher frequency region between 1350 and 1750 cm-1 again
arise from the nucleobase with minor contributions from mixed character modes of the
ribose moiety. The absence of a noncovalent interaction of the nucleobase carbonyl
group in the stable low-energy AC3_1 and AC3_2 conformers again suggests that the
red shifting of the carbonyl stretch in the IRMPD action spectrum and calculated linear
IR spectra is most likely due to electron redistribution that stabilizes the excess negative
charge of the dioxo phosphate moiety as discussed previously. The broad bands in the
regions from 650−850 cm-1, 950−1150 cm-1, and 1200−1325 are mainly absorption
bands of the phosphate and ribose moieties with very minor contributions from thymine
ring stretches.
5.3.4 Comparison of Experimental and Theoretical IR Spectra of [pdGuo–H]¯
Figure 5.6 compares the experimental IRMPD action spectrum to the calculated
linear IR spectra and the optimized structures for the three most stable conformers
computed for [pdGuo–H]¯ (excluding hydroxyl rotamers that cannot be differentiated by
their IR spectra). The spectral features in the region from 1300 to 1750 cm-1 of the
calculated linear IR spectra for the ground and two excited-low energy conformers are
very similar to one another, except that the low intensity band in the theoretical
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spectrum of the SC3_1 conformer at ~1470 cm-1 is slightly blue shifted as compared to
the theoretical IR spectra of the SC3_2 and SC3_3 conformers. The resonant
frequencies from 600 to 1300 cm-1 for these three conformers are also more diagnostic.
Although all three calculated spectra share many similar features over the range of
600−1750 cm-1 to the measured IRMPD action spectrum, the IRMPD action spectrum of
[pdGuo–H]¯ is best reproduced by the calculated spectrum of the ground SC3_1
conformer. In particular, the band near 825 cm-1 and the broad but slightly resolved
band extending from 1000 to 1175 cm-1 suggest that the ground conformer is the
dominant conformer accessed in the experiments. However, the presence of minor
features at 775 and 1285 cm-1 in the IRMPD action spectrum are in good agreement
with the peaks computed in the IR spectra of the SC3_2 and SC3_3 conformers,
respectively. These features are very minor or absent in the ground conformer,
suggesting that these excited conformers are probably also present in the experiments
in low abundance. A comparison of the measured IRMPD action spectrum and the
linear IR spectra of the ground and first-excited low-energy conformers, SC3_1 and
SC3_2, to their anti counterparts, AC3_3 and AC3_1, is included in Figure 5.10,
whereas their optimized structures are shown in Figure 5.9. Comparison of the
computed IR spectra for the SC3_1 and SC3_2 versus the AC3_1 and AC3_3
conformers suggests that the peaks at 700, 1615, and 1730 cm-1 are the most
diagnostic for differentiating the syn and anti conformers. The bands at 700 and 1615
cm-1 are red shifted, whereas the band at ~1730 cm-1 is blue shifted relative to the
measured IRMPD spectrum suggesting that these anti conformers are not accessed in
the experiments. The comparisons of these vibrational modes are listed in boldface in
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Tables 5.4 and 5.5. In an attempt to determine whether the syn analogues of the
AC3_1

and

AC3_3

conformers

for

the

previous

three

deprotonated

DNA

mononucleotides can be distinguished from the experimental IRMPD action spectra, the
optimized structures of SC3_1 and SC3_2 conformers for [pdCyd–H]¯ and [pdThd–H]¯,
and SC2_1 and SC3_2 conformers for [pdAdo–H]¯ are also included in Figure 5.9, and
the comparisons of their theoretical linear IR spectra to the experimental IRMPD action
spectra are shown in Figures 5.11−5.13. These syn conformers are different than the
ground and first excited-low energy conformers of [pdGuo–H]¯ in that the nucleobase
and phosphate moiety are orientated further away from each other as shown by the
∠N9C1'C4' (for [pdAdo–H]¯ and [pdGuo–H]¯) or ∠N1C1'C4' (for [pdCyd–H]¯ and
[pdThd–H]¯) angles of the ribose and nucleobase moieties, and the dihedral angle of
∠OC5'C4'C3' in Table 5.6. In the case of [pdAdo–H]¯, the ∠OC5'C4'C3' dihedral angle
of the syn analogue of AC3_1 conformer is orientated far away enough from the plane
of the ribose that the deprotonated phosphate moiety does not facilitate the C3'-endo
sugar puckering and instead this conformer exhibits a C2'-endo conformation, hence the
SC2_1 designation. The nucleobase moieties of these syn conformers do not sit above
the plane of the ribose as found for [pdGuo–H]¯; instead the nucleobase is oriented
slightly away from the ribose moiety as shown by the difference in the ∠OC1'N9C4
dihedral angles of [pdAdo–H]¯ and [pdGuo–H]¯, and the ∠OC1'N1C2 dihedral angles of
[pdCyd–H]¯ and [pdThd–H]¯. In the case of [pdCyd–H]¯ and [pdThd–H]¯, the
comparisons of the experimental IRMPD action spectra to the linear IR spectra of the
excited energy syn conformers, Figures 5.12 and 5.13, exhibit clear disagreement in
the nucleobase stretching region from 1600−1800 cm-1 indicating that the SC3_1 and
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SC3_2 conformers are not accessed in the experiments. Surprisingly, the theoretical IR
spectra of the SC2_1 and SC3_2 conformers of [pdAdo–H]¯, Figure 5.11, do not exhibit
clear differences from the measured IRMPD spectrum in the nucleobase stretching
region as observed for [pdGuo–H]¯, [pdCyd–H]¯ and [pdThd–H]¯. However, the broad
feature at ~1000 cm-1 in the theoretical spectrum of the SC2_1 conformer and the sharp
peak at ~760 cm-1 of the SC3_2 spectrum, which are not observed in the measured
IRMPD spectrum, in addition to their relatively high free energies as compared to the
ground conformer suggest that these conformers are not accessed in the experiments.
Comparison of the vibrational modes of the SC3_1, SC3_2, and SC3_3
conformers found from the DFT calculations to the IRMPD action spectrum of
[pdGuo−H]¯ allows peak assignments to be made, and are summarized in Tables 5.4
and 5.5. The IR active modes of the nucleobase and several mixed character modes
with the ribose moiety appear in the region extending from 1300 to 1750 cm-1 in the
IRMPD action spectrum of [pdGuo–H]¯. The vibrational modes of the phosphate moiety
and minor contributions from mixed character modes of the ribose moiety result in the
major broad bands in the regions of 700−875, 1000−1125, and 1180−1300 cm-1. Again,
the peak at 1200 cm-1 was not predicted by DFT calculations for any of the conformers
computed here. It is plausible that this band is also due to the IR active modes of the
phosphate moiety because it falls between two intense bands arising from stretching
modes of the phosphate moiety. In comparison to the vibrational modes of the
nucleobase and the phosphate moiety, the IR active modes of the ribose moiety, the
bending of hydrogen atoms and stretching of the ribose ring, are low in intensity and are
computed to occur at 940, 970, 1375, 1410, and 1450 cm-1.
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Because anharmonic effects are generally not taken into consideration in
computational models, one should keep in mind that there are often small discrepancies
between the calculated and measured frequencies due to the harmonic approximation
of the former method. In certain cases, the discrepancies can be larger when
anharmonic effects are important such as found for phosphate esters.10 It is possible to
approximate anharmonic effects in the theoretical calculations. However, these are
often computationally exhausting and do not always correspond well with experiments,
and hence are usually limited to small molecules. It is also well known that by using a
uniform scaling factor with the calculated harmonic frequencies, the red or blue shifting
of the theoretical spectrum as compared to the experimental spectrum can be
corrected, and the appropriate scaling factors are published and widely used;11-13 the
scaling factor proposed specifically for P═O and P−O stretching varies between 0.98
and 1.05. 14,15 However, for example, in the present work the ions are comprised of
several types of functional groups, therefore, a uniform scaling factor cannot adequately
correct for the red or blue shifting that occurs in different spectral regions, such that two
different scaling factors were used; 0.974 for frequencies above 1300 cm-1 and 1.00 for
frequencies below 1300 cm-1. However, the dual scaling factor does not take into
consideration the mixed character modes comprised of phosphate and non-phosphate
stretches and bends, and as stated above, variable scale factors are needed to properly
describe anharmonic effects associated with the phosphate modes.
5.3.5 Comparison to Other Experimental Techniques
The gas-phase structures of the four deprotonated DNA mononucleotides were
examined previously by Gidden and Bowers1 using IMS-MS techniques and theoretical
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calculations using molecular mechanics/molecular dynamics methods with the Amber
force field. Wang and coworkers2 also examined the gas-phase structures of the four
deprotonated mononucleotides using UVPD PES and DFT calculations at the
B3LYP/TZVP+ level of theory. The results from Wang’s work are consistent with the
results determined here in that the most stable conformations probed in the PES
experiments and calculated at the B3LYP/TZVP+ level of theory for the deprotonated
DNA mononucleotides of [pdAdo–H]¯, [pdCyd–H]¯, and [pdThd–H]¯

are AC3_1

conformers, whereas the most stable structure for [pdGuo–H]¯ is the SC3_1 conformer.
Results published by Gidden and Bowers suggest that the arrival time distributions
(ATDs) measured by IMS-MS at 80 and 300 K exhibit slightly better agreement with the
average ATD for a family of low-energy C3'-endo and anti conformers for [pdAdo–H]¯,
[pdCyd–H]¯ and [pdThd–H]¯ where the deprotonated phosphate moiety hydrogen
bonds to the 3'-hydroxyl hydrogen atom, and low-energy C3'-endo and syn conformers
for [pdGuo–H]¯ where the deprotonated phosphate moiety hydrogen bonds to the 2amino hydrogen and 3'-hydroxyl hydrogen atoms, that exhibit subtle differences in bond
and dihedral angles from the frozen DFT structures of the most stable conformers
calculated by Wang and coworkers. Although high-level theoretical calculations of the
family of low-energy conformers determined for each of the deprotonated DNA
mononucleotides was not pursued in the work of Bowers and coworkers, their results
support our interpretation of the IRMPD action spectroscopy data, i.e., that multiple lowenergy conformers are accessed in the experiments when the ions are generated by
electrospray ionization (ESI), rather than a single most stable conformer.
Theoretical work published by Ortiz and coworkers16 found somewhat different

175
results as compared to the present results and the work of Wang and coworkers. The
most stable structures calculated using the B3LYP/6-311++G** level of theory found in
Ortiz’s study are similar to the AC3_3 conformers for [pdAdo–H]¯ and [pdThd–H]¯ and
the AC3_4 conformer for [pdCyd–H]¯ determined here, which lie 5.7, 11.9, and 21.2
kJ/mol higher in free energy than the ground AC3_1 conformers. It is worth recalling
that the AC3_3 conformer of [pdAdo–H]¯ was found to be the ground structure using
the B3LYP/6-311+G(2d,2p) level of theory, see Table 5.3 and Figure 5.3. However, this
is not true for [pdCyd–H]¯ and [pdThd–H]¯. The most stable structure of [pdGuo-H]¯
found in their work was not among the stable low-energy conformers shown in Figure
5.9. However, it was also found here and calculated to lie 30.5 and 36.7 kJ/mol higher in
free energy using B3LYP and MP2(full) theories, respectively, than the ground SC3_1
conformer reported here.
de Vries and coworkers previously examined the neutral forms of 9-ethyl
guanine, guanosine, and 2'-deoxyguanosine in the mid-IR region, 500−2000 cm-1, using
IR-UV double resonance techniques and theoretical calculations. 17 The most stable
conformer of 2'-deoxyguanosine computed at the RI-MP2/cc-pVDZ level of theory in
their work exhibited a C2'-endo conformation for the ribose, syn conformation of the
nucleobase, and a hydrogen-bonding interaction between the 5'-hydroxyl hydrogen and
N3 nitrogen atoms. The possibility that the nucleobase undergoes tautomerization
involving the O6 and N1 atoms to form the minor enol-imino tautomer was also
considered in their work, and calculated to be 3.8 kJ/mol less stable than the ground
canonical keto-amino tautomer of the nucleoside. This is in contrast to the C3'-endo
conformation observed in the current study of deprotonated 2'-deoxyguanosine-5'-
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monophosphate and further suggests that the deprotonated phosphate moiety facilitates
the puckering of the sugar moiety to adapt the C3'-endo conformation. Comparison of
the IR-UV ion-dip spectrum of 2'-deoxyguanosine to the theoretical IR spectra
calculated using both the RI-MP2/cc-pVDZ and RI-DFT-D (TSSP) levels of theory
suggest that the enol-imino tautomer was accessed in their experiment due to the
absence of a carbonyl stretch between 1700 and 1725 cm-1. However, their results
differ markedly from the data presented here as the presence of a sharp band at ~1715
cm-1 in the IRMPD action spectrum of [pdGuo–H]¯ clearly indicates that the ground
canonical keto-amino tautomer of the nucleotide was accessed in our experiments. It is
possible that the difference in the conformation of the nucleobase moiety accessed in
the current work and that of de Vries and coworkers is due to the presence of the
deprotonated phosphate moiety and the additional hydrogen-bonding interaction with
the N2 amino substituent of the nucleobase moiety. However, it seems more likely that
the difference in the tautomeric conformations accessed in the experiments lies in the
way the species of interest were introduced into the gas-phase. In the work of de Vries
and coworkers, 2'-deoxyguanosine was vaporized by laser desorption and jet cooled in
a supersonic expansion. The minor enol-imino tautomer could have been generated in
the energetic laser ablation process, and then kinetically trapped by the supersonic
expansion, and thus detected in the experiments. In contrast, the ions of interest here
were introduced into the gas-phase by ESI. Although, in principle it should be possible
to compare the vibrational modes that arise from the ribose moiety from the two
different experiments to assign the ribose conformation (C2'-endo versus C3'-endo), the
vibrational modes below 1350 cm-1 in the IRMPD action spectrum are significantly
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broadened as compared to the IR-UV ion-dip spectrum due to the presence of multiple
stable low-energy conformers as well as the coupling of ribose, phosphate, and
nucleobase vibrational modes, making such assignments very difficult. de Vries and
coworkers also found it difficult to assign the bands arising from the ribose moiety due
to the coupling of various vibrational modes and their lack of confidence in the position
of bands below 1000 cm-1 predicted by theory.
5.4 Conclusions
The gas-phase conformations of the four deprotonated DNA mononucleotides
have been examined by IRMPD action spectroscopy over the IR fingerprint region
extending from ~600 to 1800 cm-1. Comparison of the measured IRMPD action spectra
with the linear IR spectra of the stable low-energy conformations of these species
calculated at the B3LYP/6-311+G(d,p) level of theory allows the conformations
accessed in the experiments to be identified. In the most stable conformations found for
[pdAdo–H]¯, [pdCyd–H]¯, and [pdThd–H]¯, the ribose is in a C3'-endo conformation and
the nucleobase is in an anti conformation. These structures are stabilized by an
intramolecular hydrogen bond between one of the oxo oxygen atoms of the
deprotonated phosphate moiety and the 3'-hydroxyl hydrogen atom of the ribose moiety,
and the phosphate ester oxygen atom is oriented toward the nucleobase. In the most
stable structure found for [pdGuo–H]¯, the ribose is also in a C3'-endo conformation,
whereas the nucleobase is in a syn conformation. The oxo oxygen atoms of the
deprotonated phosphate moiety are stabilized by hydrogen-bonding interactions with
the hydrogen atoms of the 3'-hydroxyl substituent of the ribose moiety and the 2-amino
substituent of the nucleobase, and the phosphate ester oxygen atom is oriented away
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from the nucleobase to form a more compact structure as compared to [pdAdo–H]¯.
Several stable low-energy structures were also found for each of the deprotonated DNA
mononucleotides that retain the C3'-endo and anti or syn conformations and hydrogen
bond to the 3'-hydroxyl hydrogen atom (and 2-amino hydrogen atom in the case of
[pdGuo–H]¯) and only differ from the ground conformer by the orientation of the
phosphate ester oxygen atom. Results from both the measured IRMPD action spectra
and calculated linear IR spectra suggest that the spectral features in the region from
1300 to 1800 cm-1 are similar enough for all of the stable low-energy conformers
calculated here that they cannot be effectively used to identify the presence of different
conformers in the experiments. However, spectral features in the region from 600 to
1300 cm-1 exhibit broad and somewhat diagnostic bands where the calculated
frequencies from multiple stable low-energy conformers are well matched to the
measured IRMPD action spectra, suggesting that multiple low-energy conformers were
accessed in the experiments. The most stable conformers calculated here for all four
deprotonated DNA mononucleotides are in good agreement with the results published
previously by Wang and coworkers,2 and are more stable than the conformers
computed by Ortiz and coworkers.16 Present results are also consistent with the results
published previously by Gidden and Bowers1 where a family of low-energy conformers
(C3'-endo and anti conformers for [pdAdo–H]¯, [pdCyd–H]¯, and [pdThd–H]¯, and C3'endo and syn conformer for [pdGuo–H]¯) with slightly different bond and dihedral
angles were observed rather than a single ground conformer. This is not really
surprising because the ions probed in the current work have a room temperature
internal energy distribution, which provides sufficient energy to allow these low-energy
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conformers to interconvert. These findings suggest that the deprotonated phosphate
moiety of the DNA mononucleotides is flexible and dynamic such that its conformation
can be varied to a moderate extent without significant loss in stability.
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Table 5.1 Reactant and Product Ions Observed in the IRMPD Mass
Spectra of the Deprotonated DNA Mononucleotides, [pdNuo–H]¯,
Irradiated at ~1100 cm-1.
Legend symbol

O
O
O
O

Nominal m/z

Species

330
346
306
321
195
134
97
79

[pdAdo–H]¯
[pdGuo–H]¯
[pdCyd–H]¯
[pdThd–H]¯
[dNuo–Base–H]¯
[Base–H]¯
[H2PO4]¯
[PO3]¯

Dihedral Angles (deg)

41.3
41.0
40.9
-63.2
37.8
-57.0
-72.9
-86.4
-85.8
-76.3
-42.2

-103.4
-106.6
-102.9
89.6
-108.5
83.6
98.6
99.0
98.1
85.3
-68.4

36.9
37.4
36.9
30.6
38.0
31.6
30.4
31.7
32.1
-7.9
23.9

-142.5
-144.5
-142.6
-124.1
-146.9
-116.5
-140.3
-136.6
-143.4
-130.4
-110.0

36.4
-89.2
35.7
-104.3
-65.9
-106.9
-87.9
174.8
175.3
-90.8
59.5

172.0
46.0
170.6
29.6
68.4
26.7
46.7
-49.3
-49.6
43.9
-165.9

-73.9
157.2
-73.8
144.8
179.6
141.4
161.4
60.8
59.5
158.5
-50.1

-85.7
93.4
120.4
92.1
-90.6
-83.1
-81.8
90.0
-127.8
-80.8
119.4

AC3_1
AC3_1R
AC3_2
AC3_2R
AC3_7
AC3_3

45.6
45.4
43.9
42.0
-50.6
-66.0

-103.0
-102.3
-107.6
-109.6
84.6
95.9

38.4
38.6
38.3
38.5
33.4
32.2

-152.3
-152.7
-152.4
-154.6
-132.8
-152.5

34.4
32.1
-85.3
-74.3
-108.6
-98.7

169.9
167.1
50.0
60.5
25.2
35.7

-76.2
-77.8
161.8
171.4
139.7
150.5

-84.8
116.5
100.8
-95.4
-81.7
90.3

[pdCyd–H]¯ ∠OC5'C4'C3' ∠POC5'C4' ∠C1'C2'C3'C4' ∠OC1'N1C2 ∠O=POC5' ∠O=POC5' ∠O−POC5' ∠HOP−O

AC3_1
AC3_2
AC3_1R
AC3_3
AC3_2R
AC3_3R
AC3_3RR
AC3_4
AC3_4R
AC3_5
AC3_6

[pdAdo–H]¯ ∠OC5'C4'C3' ∠POC5'C4' ∠C1'C2'C3'C4' ∠OC1'N9C4 ∠O=POC5' ∠O=POC5' ∠O−POC5' ∠HOP−O

Conformer

Table 5.2 Dihedral Angles of the Stable Low-Energy Conformers of the Deprotonated DNA Mononucleotides Optimized at
the B3LYP/6-31+G(d,p) Level of Theory.
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Dihedral Angles (deg)

-71.9
-86.2
-86.1

99.3
99.1
97.8

32.3
34.0
33.5

-154.7
-157.3
-159.7

-87.8
174.2
174.7

46.9
-49.7
-50.1

161.3
60.5
59.0

-81.8
91.1
-129.6

46.1
45.9
43.0
41.1
-50.4
-51.4
-86.0
-86.2

-101.6
-100.8
-107.8
-109.4
84.5
83.7
98.8
98.0

37.6
37.6
37.3
37.9
31.8
31.4
32.8
33.1

-145.3
-145.2
-146.5
-149.1
-125.1
-123.9
-151.8
-156.5

30.7
28.5
-81.7
-71.5
-110.9
-108.2
174.2
175.6

165.9
163.1
53.4
63.2
22.4
25.2
-49.9
-49.3

-80.2
-81.9
165.3
173.9
137.1
139.9
60.2
59.7

-85.0
115.1
103.5
-99.8
92.9
-82.0
90.8
-130.9

SC3_1
SC3_1R
SC3_2
SC3_2R

-66.2
-66.4
43.1
41.4

92.2
91.7
-97.7
-97.5

26.3
26.6
30.7
30.4

62.9
62.6
64.2
63.6

-95.6
-92.6
25.0
24.8

39.2
42.1
159.9
159.2

152.2
155.1
-87.6
-87.3

92.9
-77.8
-82.4
115.5

[pdGuo–H]¯ ∠OC5'C4'C3' ∠POC5'C4' ∠C1'C2'C3'C4' ∠OC1'N9C4 ∠O=POC5' ∠O=POC5' ∠O−POC5' ∠HOP−O

AC3_1
AC3_1R
AC3_2
AC3_2R
AC3_3
AC3_3R
AC3_4
AC3_4R

[pdThd–H]¯ ∠OC5'C4'C3' ∠POC5'C4' ∠C1'C2'C3'C4' ∠OC1'N1C2 ∠O=POC5' ∠O=POC5' ∠O−POC5' ∠HOP−O

AC3_3R
AC3_4
AC3_4R

[pdCyd–H]¯ ∠OC5'C4'C3' ∠POC5'C4' ∠C1'C2'C3'C4' ∠OC1'N9C4 ∠O=POC5' ∠O=POC5' ∠O−POC5' ∠HOP−O

Conformer

Table 5.2 (cont’s) Dihedral Angles of the Stable Low-Energy Conformers of the Deprotonated DNA Mononucleotides
Optimized at the B3LYP/6-31+G(d,p) Level of Theory.
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Dihedral Angles (deg)

SC3_3
AC3_1
AC3_2

-68.2
39.2
-71.7

103.2
-103.6
98.6

25.0
35.6
27.3

63.9
-142.6
-140.5

10.3
37.3
-93.4

147.9
173.0
41.1

-100.9
-72.8
156.1

-102.9
-85.7
89.4

[pdGuo–H]¯ ∠OC5'C4'C3' ∠POC5'C4' ∠C1'C2'C3'C4' ∠OC1'N9C4 ∠O=POC5' ∠O=POC5' ∠O−POC5' ∠HOP−O

Conformer

Table 5.2 (cont’s) Dihedral Angles of the Stable Low-Energy Conformers of the Deprotonated DNA Mononucleotides
Optimized at the B3LYP/6-31+G(d,p) Level of Theory.
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Table 5.3 Relative Enthalpies at 0 K and Gibbs Free Energies at 298 K of the Stable
Low-Energy Conformers of the Deprotonated DNA Mononucleotides Calculated at
Various Levels of Theory.a
Complex

Conformers

MP2(full)

M06

B3LYP

B3P86

ΔH0

ΔG298

ΔH0

ΔG298

ΔH0

ΔG298

ΔH0

ΔG298

[pdAdo–H]¯ AC3_1
AC3_2
AC3_1R
AC3_3
AC3_2R
AC3_3R
AC3_3RR
AC3_4
AC3_4R
AC3_5
AC3_6

0.0
2.3
3.8
9.2
6.8
6.4
15.0
16.0
19.5
21.2
26.5

0.0
0.6
3.4
5.4
7.3
8.1
11.5
11.6
16.4
16.9
23.3

0.0
2.2
3.4
5.9
6.5
6.3
9.9
10.1
13.3
17.2
21.7

0.0
0.4
3.1
2.0
7.0
7.9
6.3
5.7
10.2
12.9
18.6

0.0
3.1
3.6
3.0
6.4
6.8
3.7
4.0
7.9
7.1
17.0

0.8
2.2
4.1
0.0
7.7
9.3
1.0
0.4
5.7
3.6
14.7

0.0
3.1
3.4
3.2
6.1
5.2
5.5
6.2
9.9
9.2
18.1

0.6
2.0
3.6
0.0
7.2
7.5
2.6
2.4
7.4
5.5
15.6

[pdCyd–H]¯ AC3_1
AC3_1R
AC3_2
AC3_2R
AC3_7
AC3_3
AC3_3R
AC3_4
AC3_4R

0.0
2.4
7.7
10.6
18.2
21.0
24.0
25.2
29.6

0.0
1.7
6.3
9.8
15.4
16.7
19.3
21.2
25.3

0.0
2.1
7.0
9.7
17.0
15.0
17.6
17.8
22.0

0.0
1.4
5.5
8.9
14.2
10.7
12.9
13.8
17.7

0.0
2.7
6.3
9.3
15.0
9.9
11.2
12.3
16.4

0.0
2.0
4.8
8.4
12.2
5.6
6.5
8.3
12.1

0.0
2.4
6.6
9.2
14.4
11.5
13.4
14.9
18.8

0.0
1.7
5.2
8.4
11.6
7.2
8.7
10.9
14.5

[pdThd–H]¯ AC3_1
AC3_1R
AC3_2
AC3_2R
AC3_3
AC3_3R
AC3_4
AC3_4R

0.0
2.8
9.7
12.5
12.0
14.2
29.2
33.6

0.0
2.5
7.4
10.8
11.9
13.8
22.5
27.6

0.0
2.6
9.3
11.8
11.0
13.4
21.4
25.4

0.0
2.2
7.0
10.0
10.9
13.0
14.7
19.4

0.0
3.2
6.8
10.1
9.9
12.0
12.5
16.8

0.0
2.8
4.4
8.3
9.8
11.6
5.8
10.8

0.0
2.9
7.7
10.6
8.8
11.0
15.7
19.8

0.0
2.5
5.4
8.8
8.7
10.6
9.0
13.8

[pdGuo–H]¯ SC3_1
SC3_1R
SC3_2
SC3_2R

0.0
2.0
2.6
4.2

0.0
2.3
2.3
3.2

0.0
2.2
3.7
4.8

0.0
2.5
3.4
3.8

0.0
2.2
2.8
4.4

0.0
2.5
2.5
3.3

0.0
2.2
3.1
4.5

0.0
2.5
2.8
3.5
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Table 5.3 (cont’d) Relative Enthalpies at 0 K and Gibbs Free Energies at 298 K of the
Stable Low-Energy Conformers of the Deprotonated DNA Mononucleotides Calculated
at Various Levels of Theory.a
Complex

Conformers MP2(full)

[pdGuo–H]¯ SC3_3
AC3_1
AC3_2
a

M06

B3LYP

B3P86

ΔH0

ΔG298

ΔH0

ΔG298

ΔH0

ΔG298

ΔH0

ΔG298

14.8
50.3
60.8

13.0
42.1
49.5

16.0
53.6
59.3

14.1
45.4
48.0

14.8
45.9
45.6

13.0
37.8
34.3

16.8
48.9
50.0

15.0
40.7
38.8

Energetics are determined from single-point energy calculations using the
6-311+G(2d,2p) basis set and structures optimized at the B3LYP/6-311+G(d,p) level of
theory including zero-point vibrational energy and thermal corrections. All energies are
given in kJ/mol.
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Table 5.4 Observed Band Positions of the Vibrational Modes of the Phosphate and Ribose
Moieties of the Deprotonated DNA Mononucleotides in the IR Fingerprint Region
Vibrational Mode
Phosphate

[pdAdo–H]¯a [pdCyd–H]¯b [pdThd–H]¯c [pdGuo–H]¯d

[pdGuo–H]¯e

P–OC5' stretch

725

660, 725

650, 725

725, 750

700g, 715f

P–OH stretch

810

775

770

775, 825

770f, 800g
1100
1050

PO–C5' stretch
975, 1100
PO–H in plane bend 1050

1080, 1100 1115
1050, 1280 1050,
1200–1325

1100
1050, 1250,
1285

O=P=O symmetric
stretch

1080, 1100 1080, 1115

1100

O=P=O asymmetric 1285
stretch

1280

1200–1325

1250, 1285

1260g, 1285f

660

650

Ring stretch
700
C3'O–H out of plane 820
bend

775, 800

1080
770, 805

775, 825

915, 835f

C4'–O stretch

865

870

970

1000g

Ribose
Ring twist

650

Ring rock

650

Ring bend

C5'H2 rock

870

880f

865

1260g

C5'H2 twist

880f

C2'H2 twist
C1'–O–C4'
symmetric stretch

870
940

865

C1'–C2' stretch

940

950

C2'H2 rock

975

975

980f

C4'–H bend

975

975

980f

C3'–O stretch

1150

940
975

970

955f

1140g, 1153f
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Table 5.4 (cont’d) Observed Band Positions of the Vibrational Modes of the Phosphate and
Ribose Moieties of the Deprotonated DNA Mononucleotides in the IR Fingerprint Region
Vibrational Mode
Ribose

[pdAdo–H]¯a [pdCyd–H]¯b [pdThd–H]¯c [pdGuo–H]¯d

[pdGuo–H]¯e

C2'H2 wag
Hydrogen atoms
bend

1285
1350

1285f
1240f, 1260g,
1285f, 1390

C1'–H bend

1400

C2'H2 scissor
C3'O–H in plane
bend
a

1350

1280, 1460 870, 975,
1080, 1115,
1200–1325,
1375

1250, 1285,
1375

1325, 1400 1440

1410
1450
1450

Assignments based on comparison of the IRMPD action spectrum and
spectra of AC3_1, AC3_2, and AC3_3 conformers of [pdAdo–H]¯.
b
Assignments based on comparison of the IRMPD action spectrum and
spectra of AC3_1, AC3_2, and AC3_7 conformers of [pdCyd–H]¯.
c
Assignments based on comparison of the IRMPD action spectrum and
spectra of AC3_1, AC3_2, and AC3_3 conformers of [pdThd–H]¯.
d
Assignments based on comparison of the IRMPD action spectrum and
spectra of SC3_1, SC3_2, and SC3_3 conformers of [pdGuo–H]¯.
e
Theoretical IR vibrational modes of the anti conformations of [pdGuo–H]¯
f
Theoretical IR vibrational modes of AC3_1 conformation of [pdGuo–H]¯
g
Theoretical IR vibrational modes of AC3_2 conformation of [pdGuo–H]¯

1475f, 1500g
theoretical IR
theoretical IR
theoretical IR
theoretical IR
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Table 5.5 Observed Band Positions of the Vibrational Modes of the Nucleobase
Moieties of the Deprotonated DNA Mononucleotides in the IR Fingerprint Region
Complex

Vibrational Mode

Wavenumber (cm-1)

[pdAdo–H]¯a

N9–C1' stretch

700

C8–H in plane bend

1240, 1475

C5–N7 stretch

1320

C2–H in plane bend

1350, 1450

C4–N9 stretch

1400

N7=C8 stretch

1400, 1475

N1=C6 stretch

1575

N3–C4 stretch

1575

NH2 scissor

1575, 1615

C5–C6 stretch

1615

NH2 rock

975

Ring stretch

975, 1080, 1100

Hydrogen atoms bend

1080, 1100

C4–N4 stretch
Symmetric bend of C5=C6
hydrogen atoms

1325
1325, 1460

C4–C5 stretch

1400, 1525

C6–H bend

1400

N3=C4 stretch

1460, 1625

NH2 scissor

1580

C5=C6 stretch

1625

C=O stretch

1680

N3–H out of plane bend

650

CH3 wag
C1'–N1, C2–N3, C5–CH3
stretches

1000, 1080
1200–1325

[pdCyd–H]¯b

[pdThd–H]¯c
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Table 5.5 (cont’d) Observed Band Positions of the Vibrational Modes of the Nucleobase
Moieties of the Deprotonated DNA Mononucleotides in the IR Fingerprint Region
Complex

Vibrational Mode

Wavenumber (cm-1)

[pdThd–H]¯c

Hydrogen atoms bend

1375

Ring stretch

1440

C5=C6 stretch

1625

C=O stretch

1700

N7–C8–N9 out of plane bend
N2–C2–N1 symmetric in plane
bend

650
670

N2–H out of plane bend

880

NH2 rock

1150

N9–C1' stretch

1330

Ring stretch

1330, 1375

N1–H bend

1330, 1575

N7=C8 stretch

1520

N1–C2

1520

N3–C4 stretch

1550

C2=N3 stretch

1575

NH2 scissor

1575, 1640

C=O stretch

1715

NH2 wag

615g, 625f

N9–C1' stretch

695f, 1345g, 1350f

NH2 rock

1100g, 1150g

C8–H in plane bend

1240f, 1510

C5–N7 stretch

1345g, 1350f

Ring stretch

1390

C4–N9 stretch

1510

[pdGuo–H]¯d

[pdGuo–H]¯e
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Table 5.5 (cont’d) Observed Band Positions of the Vibrational Modes of the Nucleobase
Moieties of the Deprotonated DNA Mononucleotides in the IR Fingerprint Region

a

Complex

Vibrational Mode

Wavenumber (cm-1)

[pdGuo–H]¯e

N1–H bend

1526

N3–C4 stretch

1526

C2=N3 stretch

1575

NH2 scissor

1575, 1615

C=O stretch

1728

Assignments based on the comparison of the IRMPD action spectrum and
IR spectra of AC3_1, AC3_2, and AC3_3 conformers of [pdAdo–H]¯.
b
Assignments based on the comparison of the IRMPD action spectrum and
IR spectra of AC3_1, AC3_2, and AC3_7 conformers of [pdCyd–H]¯.
c
Assignments based on the comparison of the IRMPD action spectrum and
IR spectra of AC3_1, AC3_2, and AC3_3 conformers of [pdThd–H]¯.
d
Assignments based on the comparison of the IRMPD action spectrum and
IR spectra of SC3_1, SC3_2, and SC3_3 conformers of [pdGuo–H]¯.
e
Theoretical IR vibrational modes of the anti conformations of [pdGuo–H]¯
f
Theoretical IR vibrational modes of AC3_1 conformation of [pdGuo–H]¯
g
Theoretical IR vibrational modes of AC3_3 conformation of [pdGuo–H]¯

theoretical
theoretical
theoretical
theoretical

Conformer

[pdAdo–H]¯ SC2_1
[pdGuo–H]¯ SC3_1
[pdCyd–H]¯
[pdThd–H]¯
[pdAdo–H]¯ SC3_2
[pdGuo–H]¯
[pdCyd–H]¯
[pdThd–H]¯

Complex

136.4
131.0
140.3
138.6

144.7
122.8
138.3
136.5

-83.7
-66.2
-82.1
-78.0
37.1
43.1
35.2
36.4

76.2
92.2
102.5
100.6
-103.9
-97.7
-104.2
-104.0
81.0
64.2

74.9
62.9

81.7
79.2

75.1
74.2

-20.0
26.3
18.0
19.2
26.7
30.7
23.3
25.1

∠N9C1'C4' ∠N1C1'C4' ∠OC5'C4'C3' ∠POC5'C4' ∠OC1'N9C4 ∠OC1'N1C2 ∠C1'C2'C3'C4'

Angles (deg)

Table 5.6 Comparison of Various Angles of the syn Conformers for All Four Deprotonated DNA Mononucleotides.
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[pdAdoH]¯

[pdGuo-H]
[pdGuo-H]¯

Figure 5.1 Photodissociation (IRMPD) mass spectra of all four deprotonated DNA
mononucleotides at 1100 cm-1, [pdNuc–H]¯, where pdNuc = 2'-deoxyadenosine-5'monophosphate
(pdAdo),
2'-deoxycytidine-5'-monophosphate
(pdCyd),
2'-deoxyguanosine-5'-monophosphate (pdGuo), and thymidine-5'-monophosphate
(p
(pdThd).
)
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[pdCyd-H]¯

[pdThd-H]
[pdThd-H]¯

Figure 5.1 (con’t) Photodissociation (IRMPD) mass spectra of all four deprotonated
DNA mononucleotides at 1100 cm-1, [pdNuc–H]¯, where pdNuc = 2'-deoxyadenosine5'-monophosphate
(pdAdo),
2'-deoxycytidine-5'-monophosphate
(pdCyd),
2'-deoxyguanosine-5'-monophosphate (pdGuo), and thymidine-5'-monophosphate
(p
(pdThd).
)
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0.8
0.6

[pdAdo-H
pdAdo H] −

0.4
0.2
0.0
0.8
0.6

−
[pdGuo-H
pdGuo H]

0.4

Relative Inten
nsity

0.2
0.0
0.8
0.6

−
[pdCyd-H
dC d H]

0.4
0.2
0.0
0.8
0.6

[pdThd-H] −

0.4
0.2
0.0
1.2

[DEP-H] −

0.8
0.4
0.0
600

800

1000

1200

1400

1600

1800

Frequency (cm )
-1

Figure 5.2 Infrared multiple photon dissociation action spectra of the deprotonated
DNA mononucleotides, [pdNuc–H]¯, and deprotonated diethyl phosphate, [DEP–H]¯.
Results for [DEP–H]¯ are taken from reference 7.
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0.8

[pdAdo-H] − IRMPD

0.4
0.0
600

AC3_1, 0.0 kJ/mol

400
200
0
600

AC3_2, 0.6 kJ/mol

400

Relative Intensity

200
0
600

AC3_3, 5.4 kJ/mol

400
200
0
600

AC3_4, 11.6 kJ/mol

400
200
0
600

AC3_5, 16.9 kJ/mol

400
200
0
600

AC3_6, 23.3 kJ/mol

400
200
0
600

800

1000

1200

1400

1600

1800

Frequency (cm )
-1

Figure 5.3 Comparison of the measured IRMPD action spectrum of [pdAdo–H]¯ with
the linear IR spectra and optimized structures predicted for the ground and stable
low-energy conformers at the B3LYP/6-311+G(d,p) level of theory. Relative Gibbs
free energies calculated at the MP2(full)/6-311+G(2d,2p) level of theory are also
shown.
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0.8

[pdCyd-H] − IRMPD

0.4
0.0
600

AC3_1, 0.0 kJ/mol

400
200
0

Relative Intens
sity

600

AC3_2, 6.3 kJ/mol

400
200
0
600

AC3_7, 15.4 kJ/mol

400
200
0
600

AC3_3, 16.7 kJ/mol

400
200
0
600

AC3_4, 21.2 kJ/mol

400
200
0
600

800

1000

1200

1400

1600

1800

Frequency (cm )
-1

Figure 5.4 Comparison of the measured IRMPD action spectrum of [pdCyd–H]¯ with
the linear IR spectra and optimized structures predicted for the ground and stable
low-energy conformers at the B3LYP/6-311+G(d,p) level of theory. Relative Gibbs
free energies calculated at the MP2(full)/6-311+G(2d,2p) level of theory are also
shown.
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0.8

[pdThd-H] − IRMPD

0.4
0.0
1200

AC3_1,, 0.0 kJ/mol

800

Relative Intensity

400
0
1200

AC3_2, 7.4 kJ/mol

800
400
0
1200

AC3_3, 11.9 kJ/mol

800
400
0
1200

AC3_4, 22.5 kJ/mol

800
400
0
600

800

1000

1200

1400

1600

1800

Frequency (cm )
-1

Figure 5.5 Comparison of the measured IRMPD action spectrum of [pdThd–H]¯ with
the linear IR spectra and optimized structures predicted for the ground and stable
low-energy conformers at the B3LYP/6-311+G(d,p) level of theory. Relative Gibbs
free energies calculated at the MP2(full)/6-311+G(2d,2p) level of theory are also
shown.
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0.8

[pdGuo-H]− IRMPD

0.4

Relative Intensity
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800

SC3_1, 0.0 kJ/mol
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0
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SC3_2, 2.3 kJ/mol

400
0
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SC3_3, 13.0 kJ/mol

400
0
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1200

1400

1600

1800
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Figure 5.6 Comparison of the measured IRMPD action spectrum of [pdGuo–H]¯ with
the linear IR spectra and optimized structures predicted for the ground and stable
low-energy conformers at the B3LYP/6-311+G(d,p) level of theory. Relative Gibbs
free energies calculated at the MP2(full)/6-311+G(2d,2p) level of theory are also
shown.
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'

'

∠OC5'C4'C3' gauche conformers

Figure 5.7 Positive and negative ∠OC5'C4'C3' dihedral angle in gauche
conformations about the C4'-C5' bond.
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Figure 5.8 Relative MP2(full), M06, B3LYP, and B3P86 Gibbs free energies at 298 K
(in kJ/mol) of the stable low-energy AC3 conformers of all four deprotonated DNA
mononucleotides, [pdNuc–H]¯ (and SC3 conformers of [pdGuo–H]¯) determined
using the 6-311+G(2d,2p) basis set and the B3LYP/6-311+G(d,p) optimized
geometries. All values are taken from Table 5.3.
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Figure 5.8 (con’t) Relative MP2(full), M06, B3LYP, and B3P86 Gibbs free energies at
298 K (in kJ/mol) of the stable low-energy AC3 conformers of all four deprotonated
DNA mononucleotides, [pdNuc–H]¯ (and SC3 conformers of [pdGuo–H]¯)
determined using the 6-311+G(2d,2p) basis set and the B3LYP/6-311+G(d,p)
p
geometries. All values are taken from Table 5.3.
g
optimized
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AC3_1
0.0 kJ/mol

AC3_1R
3.4 kJ/mol

AC3_2R
7.3 kJ/mol

AC3_2
0.6 kJ/mol

AC3_3
5.4 kJ/mol

AC3_3R
8.1 kJ/mol

[pdAdo H]
[pdAdo-H]¯
Figure 5.9 B3LYP/6-311+G(d,p) optimized structures and MP2(full)/6-311+G(2d,2p)
relative Gibbs free energies of the ground and stable low-energy conformers of
deprotonated DNA mononucleotides [pdNuc–H]¯ including hydroxyl rotamers, where
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Figure 5.10 Comparison of the measured IRMPD action spectrum of [pdGuo–H]¯
with the linear IR spectra and optimized structures predicted for the low-energy syn
and anti conformers of [pdGuo-H]¯.
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Figure 5.11 Comparison of the measured IRMPD action spectrum of [pdAdo–H]¯
with the linear IR spectra and optimized structures predicted for the low-energy syn
and anti conformers of [pdAdo-H]¯.
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Figure 5.12 Comparison of the measured IRMPD action spectrum of [pdCyd–H]¯
with the linear IR spectra and optimized structures predicted for the low-energy syn
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Figure 5.13 Comparison of the measured IRMPD action spectrum of [pdThd–H]¯
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and anti conformers of [pdThd-H]¯.

216
CHAPTER 6 INFRARED MULTIPLE PHOTON DISSOCIATION ACTION
SPECTROSCOPY OF DEPROTONATED RNA MONONUCLEOTIDES: GAS-PHASE
CONFORMATIONS AND ENERGETICS
Portions of this chapter were reprinted with permission from Nei, Y.-w.; Crampton, K. T.;
Berden, G.; Oomens, J.; Rodgers, M. T. Infrared Multiple Photon Dissociation Action
Spectroscopy of Deprotonated RNA Mononucleotides: Gas-Phase Conformations and
Energetics. J. Phys. Chem. A 2013, 117, 10634−10649. Copyright 2013 American
Chemical Society.
6.1 INTRODUCTION
In Chapter 5 and reference 1, a systematic study of the deprotonated forms of all
four common DNA mononucleotides via IRMPD action spectroscopy and high level
theoretical calculations was presented in an attempt to better understand their
conformations in the absence of an ensemble solvent system, and as a first step in a
broader program of study aimed at understanding the effects of pH, metal-ion content,
nucleobase modification, and the presence of different ligands and counterions on the
structures of nucleotides that typically exist in normal physiological environments. The
importance of these studies was discussed at length in Chapter 1. To elucidate the
intrinsic factors that lead to the very different structural preferences of DNA vs. RNA
nucleic acids, and in particular, the effects of the 2'-hydroxyl substituent and
demethylation of thymine nucleobases on structure and stability, our studies of the
deprotonated DNA mononucleotides are expanded here to include the determination of
the conformations of the deprotonated forms of the RNA mononucleotides using the
same IRMPD action spectroscopy techniques and electronic structure theory methods.
In the present work, the structures and IR spectra of the four common RNA
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mononucleotides in their deprotonated forms are examined including: adenosine-5'monophosphate

(pAdo),

guanosine-5'-monophosphate

(pGuo),

cytidine-5'-

monophosphate (pCyd), and uridine-5'-monophosphate (pUrd), shown in Figure 1.1 of
Chapter 1.
6.2 RESULTS
6.2.1 IRMPD Pathways
In all cases, the dominant IRMPD pathway of the deprotonated RNA
mononucleotides, [pNuo–H]¯, involves cleavage of the phosphate ester (P–OC5′) bond
resulting in the formation of the metaphosphate anion, [PO3]¯. Phosphate ester bond
(PO–C5′) cleavage resulting in formation of the dihydrogen phosphate anion, [H2PO4]¯,
glycosidic bond cleavage resulting in loss of the neutral nucleobase (Base) and the
formation

of

the

deprotonated

dehydrated

ribose

monophosphate

moiety,

[pNuo−Base−H]¯, were observed as a minor dissociation pathways. The deprotonated
nucleobase anions were not observed in the current experiments, whereas these
species were observed as very minor dissociation products upon IRMPD of the
deprotonated DNA mononucleotides.1 An energy-resolved CID study of [pAdo-H]¯ by
Kebarle and coworkers2 found that the fragmentation pathway leading to formation of
deprotonated adenine, [Ade–H]¯, lies 0.31–1.24 eV higher in energy than the other
three dissociation pathways observed here. Several investigations of ultraviolet
photodissociation (UVPD) of [pAdo–H]¯ and [pGuo–H]¯ also observed low abundance
of the deprotonated nucleobase anions in their mass analysis. 3 - 5 These differences
between the DNA and RNA mononucleotides suggest that the 2'-hydroxyl increases the
activation energy for glycosidic bond cleavage of the deprotonated mononucleotides.
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6.2.2 IRMPD Action Spectra
IRMPD spectra were obtained for the deprotonated forms of the four common
RNA mononucleotides, [pAdo–H]¯, [pCyd–H]¯, [pUrd–H]¯, and [pGuo–H]¯, over the
range from ~571 to 1887 cm-1, using the reactant and product ion intensities after FEL
irradiation at each frequency and equation 2.7 as detailed in Chapter 2. The
experimental method and parameters used are discussed in detail in section 2.5.4 of
Chapter 2. The measured IRMPD action spectra of these species along with the
previously reported IRMPD spectrum of deprotonated diethyl phosphate, [DEP-H]¯,6 are
compared in Figure 6.1. As can be seen in the figure, unique spectral features are
observed in each spectrum that allow these ions to be easily differentiated from one
another, most notably the bands extending from 1400–1800 cm-1. The presence of a
sharp peak at ~1670–1770 cm-1 in the IRMPD action spectra of [pCyd−H]¯, [pUrd–H]¯,
and [pGuo–H]¯, but absent in the IRMPD action spectrum of [pAdo–H]¯, suggests that
these bands likely arise from the carbonyl stretching modes of these nucleobase
moieties. Similarly, the appearance of an intense band at ~1600–1650 cm-1 in the
IRMPD action spectra of [pAdo–H]¯, [pCyd–H]¯, and [pGuo–H]¯, that is of very low
intensity in the spectrum of [pUrd–H]¯, may be due to the intense NH2 scissoring
absorption band that generally appears in this region. The peaks at 715, 1080, and
1280 cm-1 in the IRMPD action spectrum of [DEP–H]¯ were assigned to the asymmetric
P−O stretching, and symmetric and asymmetric stretching of the P═O bonds,
respectively.6 The IRMPD action spectra of the four [pNuo–H]¯ ions exhibit broad bands
that are similar to those characteristic of the phosphate modes of [DEP−H]¯ in the
region extending from ~650 to 1400 cm-1. However, additional features superimposed
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on these bands as well as the presence of new spectral features suggests that different
mixed character modes other than the bending and stretching modes of the phosphate
moiety also contribute. The moderately intense peak in the IRMPD action spectrum of
[DEP–H]¯ at ~900 cm-1 that arises from stretching of the ethoxy moiety is not observed
in the spectra of any of the deprotonated RNA mononucleotides, as expected upon
replacement of the ethoxy moiety by the nucleoside. These comparisons suggest that
the bands in the region between ~1400 and 1800 cm-1 most likely arise from the IR
active modes of the nucleobase, whereas features in the region between 650 and 1400
cm-1 are primarily vibrational signatures of the phosphate and ribose moieties, with
minor contributions possibly arising from the nucleobase.
6.2.3 Theoretical Results
Details of the computational methods used here are discussed in section 2.5.4 of
Chapter 2. Based on the rotation of the nucleobase about the glycosidic bond and the
puckering of the ribose ring, the stable low-energy conformations of the deprotonated
RNA mononucleotides are also assigned using the same nomenclature introduced in
Chapter 5 and reference 1. Parallel to the results for the deprotonated forms of the
DNA mononucleotides discussed in Chapter 5, the ground conformers found for [pAdo–
H]¯, [pCyd−H]¯, and [pUrd−H]¯ adopt the C3'-endo conformation of the ribose moiety
where the ∠C1'C2'C3'C4' dihedral angle lies in the range between 35.2 and 37.8° (see
Table 6.1), the nucleobase is in the anti conformation where the ∠OC1'N9C4 dihedral
angle for [pAdo−H]¯ and the ∠OC1'N9C2 dihedral angles for [pCyd–H]¯ and [pUrd–H]¯
vary between -139.9 and -151.0°. In all three cases, the ∠OC5'C4'C3' dihedral angles
are positive and range from 37.3 to 43.3°. Similar to the deprotonated DNA
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mononucleotides, the ∠POC5'C4' dihedral angles are generally almost of the opposite
phase as the ∠OC5'C4'C3' dihedral angles for the ground conformers of [pAdo−H]¯,
[pCyd–H]¯, and [pUrd–H]¯, and vary from -101.9 to -102.3°. These conformations
facilitate hydrogen-bond formation between the 3'-hydroxyl hydrogen and one of the oxo
oxygen atoms of the phosphate moiety. In addition, the 2'-hydroxyl hydrogen atom
forms a second intramolecular hydrogen bond to the 3'-hydroxyl oxygen atom. In these
conformations, the orientations of the nucleobase and the C5' phosphate ester oxygen
atom also suggest that a weak non-canonical hydrogen-bonding interaction between the
O5' and the H6 (or H8) atoms of the pyrimidine (or purine) nucleobase, provides
additional stabilization. These ground conformers are designated as the AC3_1
conformers shown in Figures 6.2 to 6.4. In these conformations, the excess negative
charge of the deprotonated phosphate moiety is stabilized via the intramolecular
hydrogen-bonding interactions with the 2'- and 3'-hydroxyl substituents. These
hydrogen-bonding interactions also facilitate the puckering of the C3' atom, and induce
rotation of the nucleobase away from the adjacent phosphate moiety to minimize
repulsive interactions with the lone pairs of the functional groups of the nucleobase. In
the case of [pGuo–H]¯, the ground conformer adopts the C3'-endo and syn
conformations, and the ∠OC5'C4'C3' and ∠POC5'C4' dihedral angles are negative and
positive, respectively. In this conformation, the excess negative charge on the
phosphate group is solvated by two hydrogen-bonding interactions: one with the 3'hydroxyl hydrogen atom of the ribose moiety, and the other with the 2-amino hydrogen
atom of guanine, and is designated as the SC3_1 conformer in Figure 6.5. This
additional hydrogen-bonding interaction between the phosphate and guanine moieties
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thus induces a change in the orientation of the nucleobase from anti to syn. Again, the
2'-hydroxyl hydrogen atom is oriented towards and aligned with the 3'-hydroxyl oxygen
atom to form a third hydrogen bond.
Stable low-energy conformers found for [pAdo–H]¯ and [pUrd–H]¯ are highly
parallel to their DNA analogues. Virtually all stable low-energy conformers exhibit only
the anti and C3'-endo conformations, and the intramolecular hydrogen-bonding
interaction between one of the phosphate oxo oxygen atoms and the 3'-hydroxyl oxygen
atom, but differ from each other in the ∠OC5'C4'C3' and ∠POC5'C4' dihedral angles
and the orientation of the free oxo oxygen atom and phosphate hydroxyl group. Only the
AC3_5 conformer of [pAdo–H]¯ exhibits a different conformation of the ribose, where
the ∠C1'C2'C3'C4' dihedral angle is –6.4° and the C3' atom lies in the plane of the
ribose. Similar to the ground conformers described previously, the 2'-hydroxyl hydrogen
atom of these stable low-energy conformers also aligns with the 3'-hydroxyl oxygen
atom to form an additional hydrogen bonding interaction. In the case of [pCyd−H]¯, the
ground and two of the stable low-energy conformers exhibit parallel behavior to that of
[pAdo–H]¯ and [pUrd–H]¯. Several other stable low-energy conformers of [pCyd–H]¯
are found that lack either an intramolecular hydrogen bond between the 2'- and
3'-hydroxyl substituents, or exist in the C2'-endo conformation where the 2'-hydroxyl
hydrogen atom forms an intramolecular hydrogen bond with the 2-carbonyl group of the
nucleobase, and the 3'-hydroxyl hydrogen atom is oriented towards the 2'-hydroxyl
oxygen atom to form a second intramolecular hydrogen bond. The stable low-energy
conformers of [pGuo–H]¯ exhibit only the syn and C3'-endo conformations, and the
3'-hydroxyl hydrogen and 2-amino hydrogen atoms are hydrogen bonded to the
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phosphate oxo or hydroxyl oxygen atoms. Again, only the ∠OC5'C4'C3' and
∠POC5'C4' dihedral angles and the orientations of the free oxo oxygen atom and
phosphate hydroxyl group distinguish these low-energy conformers.
Enthalpies and Gibbs free energies relative to the ground conformation
calculated at the B3LYP, B3P86, M06, and MP2(full) levels of theory using the
6-311+G(2d,2p) basis set, including ZPE and thermal corrections at 298 K for all stable
low-energy conformers computed of the four [pNuo-H]¯ ions are summarized in Table
6.2 and compared graphically in Figures 6.6 and 6.7. The relative enthalpies at 0 K,
ΔH0 values, determined for all four levels of theory are generally very consistent. Only in
the case of [pAdo–H]¯ is there a difference in the ground conformer where the B3LYP
and B3P86 levels of theory suggests that the AC3_3 conformer is the ground conformer
rather than the AC3_1 conformer as found by both the MP2(full) and M06 levels of
theory. In the case of [pCyd–H]¯ and [pUrd–H]¯, all four levels of theory find AC3_1 to
be the ground conformer, whereas the SC3_1 conformer is the ground conformer of
[pGuo−H]¯. Unlike the deprotonated DNA mononucleotides, the relative stabilities for
the stable low-energy conformers of the RNA analogs studied here do not exhibit a
consistent trend across all four levels of theory examined, as shown in Figure 6.6. Only
for [pGuo−H]¯, where the relative enthalpy differences are less than 2.5 kJ/mol for all
four levels of theory, is a consistent trend in stability found. However, consistent trends
are found for all four deprotonated RNA mononucleotides at the B3LYP and B3P86
levels of theory, and separately by MP2(full) and M06, where the relative enthalpy
differences lie within 2.4 and 6.8 kJ/mol, respectively. Because the ions are generated
and probed at room temperature, thermal and entropy effects at 298 K may alter the
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relative stabilities of the stable low-energy conformers of the deprotonated RNA
mononucleotides, and are therefore included in Table 6.2 and Figure 6.7 as relative
298 K Gibbs free energies (ΔG298). The AC3_1 conformer remains the ground
conformer for [pAdo–H]¯, [pCyd−H]¯, and [pUrd–H]¯, calculated at the MP2(full) and
M06 levels of theory. The relative 298 K Gibbs free energies calculated using B3LYP
and B3P86 theories provide the same result for [pCyd–H]¯, the AC3_1 conformer
remains the ground conformer. However, B3LYP and B3P86 find the AC3_3 conformer
to be the ground conformer for [pAdo–H]¯, while a P–OH rotamer of the AC3_3
conformer, designated as AC3_3R shown in Figure 6.4, was calculated to be the
ground conformer for [pUrd–H]¯. Only in the case of [pGuo–H]¯ do all four levels of
theory agree that the SC3_1 conformer is the ground conformer. Trends in the relative
298 K Gibbs free energies of the stable low-energy conformers are highly parallel to the
relative 0 K enthalpies. The largest deviation observed between B3LYP and B3P86 is
2.4 kJ/mol, whereas the MP2(full) and M06 energies lie within 6.8 kJ/mol. Overall, the
MP2(full) and M06 levels of theory provide the most consistent trends for the ground
and low-energy conformers of each deprotonated RNA mononucleotide. Because the
MP2(full) level of theory generally provides the most reliable energetic information
among the theories employed here,6- 8 the Gibbs free energies calculated at the
MP2(full)/6-311+G(2d,2p) level of theory will be used throughout the remaining
discussion, whereas the optimized structures and theoretical linear IR spectra are
calculated at the B3LYP/6-311+G(d,p) level of theory.
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6.3 DISCUSSION
6.3.1 Comparison of Experimental and Theoretical IR Spectra of [pNuo–H]¯
Structures of all stable low-energy conformers of the four deprotonated RNA
mononucleotides, [pNuo–H]¯, within 15 kJ/mol of the ground conformation calculated at
the B3LYP/6-311+G(2d,2p) level of theory and their MP2(full)/6-311+G(2d,2p) relative
Gibbs free energies at 298 K are shown in Figures 6.2 through 6.5 along with their
calculated linear IR spectra. Hydroxyl rotamers of the phosphate group that cannot be
differentiated by their calculated linear IR spectra are not included in these figures, but
are included in the comparisons of Figure 6.8 along with all stable low-energy
conformers and their relative 298 K Gibbs free energies. Also shown in Figures 6.2
through 6.5 are the experimental IRMPD action spectra of the four deprotonated RNA
mononucleotides. To facilitate these comparisons, the measured IRMPD spectra are
overlaid with each of the computed IR spectra and scaled to match the intensity of the
most intense feature. In all cases, the assignment of the stable conformer(s) accessed
in the experiments is based primarily on the agreement between the measured and
computed band positions (vibrational frequencies), and secondarily on the relative
energetics computed by theory.
Similar to that found for the deprotonated DNA mononucleotides, the spectral
features in the region extending from ~1300 to 1650 cm-1 are sufficiently similar for all
stable low-energy conformers of each deprotonated mononucleotide that adopts a given
conformation of the nucleobase moiety (either anti or syn), and thus cannot be used
effectively to identify the presence of different conformers in the experiments. The
spectral similarities among the low-energy conformers in this region is not surprising as

225
these features primarily arise from the stretching modes of the nucleobase, and the
conformation of the nucleobase remains virtually unchanged across the low-energy
conformers of each of the deprotonated RNA mononucleotides. In contrast, the
calculated linear IR spectra of the deprotonated RNA mononucleotides in the spectral
region from ~700 to 1300 cm-1 are more characteristic of each conformer, and thus are
used to determine which conformers are populated in the experiments. However, the
measured IRMPD spectra in this region exhibit severely broadened features due to the
multiple photon nature of the technique, anharmonicity of the phosphate-oxygen
stretching modes, and the room temperature internal energy distribution of the ions,
such that the theoretical IR spectra of multiple conformers of each deprotonated RNA
mononucleotide exhibit good agreement. Thus, multiple conformers of each
deprotonated RNA mononucleotide are likely populated in the experiments. Indeed, the
subtle differences in the IR and IRMPD spectra make it challenging to definitively rule
out the presence of many of the low-energy conformers without consideration of their
computed relative stabilities.
6.3.2 Comparison of Experimental and Theoretical IR Spectra of [pAdo–H]¯
The experimental IRMPD action spectrum and the calculated linear IR spectra of
[pAdo–H]¯ and their optimized structures are compared in Figure 6.2. The calculated IR
spectrum of the AC3_1 conformer exhibits good agreement with the measured IRMPD
action spectrum for most of the major bands predicted by theory. However, the broad
band centered at ~825 cm-1 in the IRMPD spectrum is red shifted by ~50 cm-1 in the
computed spectrum. Other differences between the IRMPD and AC3_1 spectra include
red shifting by 25 cm-1 of the two minor bands observed at 700 and 1375 cm-1, and blue
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shifting by 25 cm-1 of the band observed at 1225 cm-1, in the calculated spectrum. The
predicted spectrum of the AC3_2 conformer is similar to that of the AC3_1 conformer,
and also displays a good match to the measured spectrum. However, two major
differences between the AC3_2 spectrum and experimental spectrum are observed.
The broad band at ~825 cm-1 in the IRMPD action spectrum is split into two bands, and
the blue shifting of the minor features near 1200 cm-1 leads to a tail rather than a
resolved feature to the red of the intense band at ~1260 cm-1 of the theoretical
spectrum. The broad band at around 825 cm-1 in the IRMPD action spectrum seems to
arise from two closely spaced IR active modes because the band is asymmetric, with a
sharp feature at ~825 cm-1 and a shoulder to the red at ~800 cm-1. Comparison of this
feature to the theoretical spectra suggests that the peaks at 775 and 850 cm-1 of the
AC3_1 spectrum, and the peaks at 800 and 850 cm-1 of the AC3_2 spectrum are
underestimated by the B3LYP level of theory and should be blue shifted and red shifted,
respectively, to produce the broad asymmetric IRMPD feature observed in the
experiments. Comparison of the IRMPD action spectrum to the calculated linear IR
spectrum for the AC3_3 conformer also exhibits good agreement for the major bands at
1080, 1275, and 1620 cm-1 of the measured spectrum, whereas the bands at 705 and
810 cm-1 of the theoretical spectrum are red shifted by 20 and 15 cm-1, respectively.
However, the absence of the band computed at 920 cm-1 in the measured spectrum
suggests that this low-energy conformer is not a major contributor in the experiments. A
similar comparison can also be made with the theoretical spectrum calculated for the
AC3_4 conformer. However, the presence of an additional peak at 1150 cm-1, and the
red shifted band at 770 cm-1 of the theoretical spectrum suggest that AC3_4 conformer,
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which is relatively high in free energy as compared to the ground conformer (10.2
kJ/mol), is most likely not an important contributor in the experiments. The calculated
linear IR spectrum of the AC3_5 conformer displays many spectral features that closely
resemble the AC3_3 spectrum. This is not surprising, considering that the greatest
difference between the AC3_3 and AC3_5 conformers is the puckering of the ribose
moiety, compare the dihedral angles of these conformers listed in Table 6.1, and is
probably best illustrated by the spectral features extending from 980 to 1175 cm-1 in
their theoretical spectra. The IR features in this region for the AC3_5 conformer are
broadened as compared to those of the AC3_3 conformer. However, the absence of the
minor feature at 1200 cm-1, the narrowing of the feature at ~1255 cm-1, and the red
shifting of the feature calculated at 1040 cm-1 provide the best evidence for suggesting
that this conformer is not populated in significant abundance in the experiments. Similar
to previous comparisons, good agreement with the measured IRMPD spectrum is also
found for several of the major peaks in the calculated IR spectrum of the AC3_6
conformer. However, the presence of an absorption band at ~950 cm-1 in the theoretical
spectrum, but clearly absent in the measured spectrum, the red shifting of the features
calculated at ~700, 760, and 1050 cm-1 as compared to the IRMPD spectrum, and the
relatively high free energy as compared to the ground AC3_1 conformer, 12.1 kJ/mol,
suggest that the AC3_6 conformer is also not a dominant contributor to the
experimental spectrum. However, without consideration of the computed energetics,
the modest differences in the IRMPD and calculated IR spectra for all six low-energy
conformers, it is impossible to definitively rule out a small population of any of these
species in the experiments.
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6.3.3 Comparison of Experimental and Theoretical IR Spectra of [pCyd–H]¯
The experimental IRMPD action spectrum and the calculated linear IR spectra of
[pCyd–H]¯ and their optimized structures are compared in Figure 6.3. The theoretical
spectrum of the ground AC3_1 conformer reproduces the measured IRMPD action
spectrum very well, except for the slightly broad and asymmetric feature at ~815 cm-1 of
the experimental spectrum that is again red shifted by ~50 cm-1 in the AC3_1 spectrum.
This consistent difference in the measured and calculated spectra suggests that the
B3LYP level of theory is underestimating the IR frequencies in this spectral region.
Likewise, the weak band observed just to the red at ~725 cm-1 also appears to be red
shifted by 25 cm-1 in the calculated spectrum, whereas the minor band observed at
~1200 cm-1 is blue shifted by 25 cm-1. Aside from the modest shift in the intensities or
band positions in the spectral region extending from 750 to 850 cm-1 and 1200 to 1300
cm-1, the predicted spectrum for the AC3_2 conformer is remarkably similar to that of
the AC3_1 conformer. In addition, it agrees well with the IRMPD action spectrum, thus
suggesting that this conformer may also be an important contributor to the measured
spectrum. Comparison of the theoretical IR spectrum of the AC3_3 conformer to the
IRMPD action spectrum also exhibits good agreement due to the significant broadening
of several major peaks in the experimental spectrum, as well as the lack of variation in
the nucleobase stretching region. However, the large decrease in intensity and the red
shifting of the feature observed at 1275 cm-1 and the relatively high Gibb’s free energy
as compared to the ground conformer are probably most diagnostic for concluding that
the AC3_3 is probably at best a modest contributor to the measured spectrum. Unlike
the ground and the first two excited low-energy conformers, the bands in the
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nucleobase stretching region for the theoretical spectra of the AC3_7, AC2_1, and
AC2_2 conformers are sufficiently different from the IRMPD action spectrum that these
conformers can be ruled out as possible contributors to the experimental spectrum. The
changes to the nucleobase stretching bands for the AC2_1 and AC2_2 conformers are
most likely due to the intramolecular hydrogen bond formed between the 2'-hydroxyl of
the ribose moiety and the 2-carbonyl group of the nucleobase that weakens the C═O
bond thus red shifting the carbonyl stretch to 1645 cm-1, whereas other nucleobase
stretching modes are only slightly affected. The unperturbed carbonyl stretch for the
ground and first two excited conformers arises at 1690 cm-1 of the theoretical spectra.
The carbonyl stretching mode in the calculated spectrum of the AC3_7 conformer is
also red shifted by ~15 cm-1 as compared to the AC3_1 spectrum, even though these
two structures only differ by the orientation of the 2'-hydroxyl hydrogen atom. The
distance between the 2'-hydroxyl hydrogen atom and the carbonyl oxygen atom is 3.4
Å, such that the hydrogen-bonding interaction is very weak and only a modest shift in
the carbonyl stretch is predicted. It should be noted here that the theoretical IR spectra
of the AC3_1 and AC3_7 conformers exhibit several small differences in the region
extending from 650 to 1300 cm-1 that possibly arise from the different orientations of the
2'-hydroxyl substituent. However, due to the severe broadening of the bands observed
in this region in the measured spectrum, it would be very challenging to distinguish the
two conformers if the nucleobase stretching region did not contain diagnostic bands.
6.3.4 Comparison of Experimental and Theoretical IR Spectra of [pUrd–H]¯
The experimental IRMPD action spectrum and the calculated linear IR spectra of
[pUrd–H]¯ and their optimized structures are compared in Figure 6.4. The predicted
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bands from 830 to 1325 cm-1 for the AC3_1 and AC3_2 conformers are reasonably well
matched to the IRMPD action spectrum of [pUrd–H]¯, whereas a blue shift of the bands
at 775 and 795 cm-1 of the AC3_1 and AC3_2 spectra, respectively, as well as the
bands at 690 cm-1 for both conformers is necessary to achieve agreement with the
experimental spectrum. Nonetheless, the ground AC3_1 and the first-excited AC3_2
conformers are most likely the dominant structures accessed in the experiments, as
these bands are largely due to the phosphate moiety and were also underestimated in
the spectra of [pAdo–H]¯. The AC3_3R conformer also exhibits good agreement with
the measured IRMPD spectrum, except that the intensities of the major bands observed
at ~870 and 1275 cm-1 are red shifted and suppressed even more than found for the
AC3_1 and AC3_2 conformers. However, these differences are insufficient to rule out
this conformer in the experiments, but the higher relative Gibbs free energy of this
conformer suggests that it is probably a less important contributor than the AC3_1 and
AC3_2 conformers. Similarly, the absence of the broad band observed at ~820 cm-1,
and the appearance of the minor band at 940 cm-1 in the computed spectrum for the
AC3_4 conformer, but absent in the measure spectrum, as well as its relatively high
free energy as compared to the ground AC3_1 conformer (15.6 kJ/mol), suggest that
this conformer does not contribute significantly to the experiments.
6.3.5 Comparison of Experimental and Theoretical IR Spectra of [pGuo–H]¯
The experimental IRMPD action spectrum and the calculated linear IR spectra of
[pGuo–H]¯ and their optimized structures are compared in Figure 6.5. In the overall
comparison, the IRMPD action spectrum of [pGuo–H]¯ is clearly best reproduced by the
theoretical spectrum of the SC3_1 conformer, suggesting that the ground conformer is
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the dominant species accessed in the experiments. However, the bands observed at
740, 1100, and 1250 cm-1 are red shifted by 20 cm-1, and the band observed at 1650
cm-1 is blue shifted by 10 cm-1, again indicating that theory has trouble describing the
phosphate stretches. In comparison, the calculated spectrum for the SC3_2 conformer
exhibits somewhat poorer agreement with the experimental spectrum. In particular, the
shapes of the bands in the 750–900 cm-1 and 950–1200 cm-1 regions, are not well
reproduced in the computed spectrum. However, these computed features still almost fit
under the envelopes of these broad features, and the relatively small difference in the
Gibb’s free energy as compared to the ground SC3_1 conformer, suggest that a small
population of the SC3_2 conformer may still be accessed in the experiments. The
SC3_3 conformer, which is calculated to be 17.1 kJ/mol less stable than the SC3_1
conformer, appears to be unimportant due to the appearance of the moderately intense
broad band at 730 cm-1 and the sharp peak at 1300 cm-1 of the SC3_3 conformer, which
are not observed in the IRMPD action spectrum. The linear IR spectra of the analogous
anti conformations, AC3_3 and AC3_1, are also included in Figure 6.5 in an attempt to
confirm that the syn and anti conformers can indeed be differentiated by their IR
spectra. As can be seen in the figures, the anti and syn conformers of [pGuo–H]¯
exhibit significant differences in the spectral regions from 600–850 cm-1 and 1300–1800
cm-1, the regions associated with the bending and stretching modes of the nucleobase.
Thus, these high Gibbs free energy anti conformers, AC3_1 and AC3_3, can be ruled
out as contributors to the measured IRMPD spectrum.
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6.3.6 syn and anti Differentiation in the Absence of Hydrogen Bonding
The syn analogues of the AC3_1 and AC3_3 conformers for [pAdo–H]¯,
[pCyd−H]¯, and [pUrd–H]¯, the SC3_2 and SC3_1 conformers, were also optimized and
their theoretical spectra calculated to again determine whether or not the syn and anti
conformers can be differentiated by their IR spectra. These comparisons are shown in
Figures 6.9–6.11. These syn conformers differ from the ground and first-excited lowenergy conformers of [pGuo–H]¯ in that the nucleobase and phosphate moiety do not
form a hydrogen-bonding interaction, and as a result are oriented further away from
each other, as shown by the ∠N9C1'C4' dihedral angles for [pAdo–H]¯ and [pGuo–H]¯,
the ∠N1C1'C4' dihedral angles for [pCyd–H]¯ and [pUrd–H]¯ of the ribose and
nucleobase moieties, and the ∠OC5'C4'C3' dihedral angles in Table 6.3. In addition,
the nucleobase moieties of these syn conformers do not sit directly above the plane of
the ribose as in the case of [pGuo–H]¯. Instead, the nucleobases are oriented slightly
away from the plane of the ribose moiety, as shown by the difference in the
∠OC1'N9C4 dihedral angles of [pAdo–H]¯ and [pGuo–H]¯, and ∠OC1'N1C2 dihedral
angles of [pCyd–H]¯ and [pUrd–H]¯. Surprisingly, the IR features in the nucleobase
bending and stretching regions of the anti and syn conformers for [pAdo–H]¯, shown in
Figure 6.9, between 600–850 cm-1 and 1300–1800 cm-1, do not exhibit sufficient
variation to allow the differentiation of these conformers. Instead, the small band at
~940 cm-1, and the partially resolved broad band that extends from 990 to 1170 cm-1 for
the SC3_1 conformer, and the small bands at 765 and 890 cm-1 of the SC3_2
conformer provide the best indications that these two relatively high-energy conformers
are not populated in the experiments. In the case of [pCyd–H]¯ and [pUrd–H]¯, the
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predicted spectra for the SC3_1 and SC3_2 conformers exhibit differences from the
AC3_1 and AC3_3 conformers in the nucleobase stretching region that spans from
1300 to 1800 cm-1, shown in Figures 6.10 and 6.11, but not in the region of 600 850
cm-1. Nonetheless, based on comparison of the IRMPD action spectrum and the
theoretical spectra of SC3_1 and SC3_2 conformers for both [pCyd–H]¯ and [pUrd–H]¯,
the presence of these conformers, which are computed to be relatively high in free
energy can be ruled out.
6.3.7 Vibrational Assignments
Vibrational assignments of the features observed in the experimental IRMPD
action spectra of the deprotonated RNA mononucleotides are summarized in Tables
6.4 and 6.5, and are based on comparisons to the theoretical IR spectra computed for
the stable low-energy conformers that are populated in the experiments. Thus, the
vibrational assignments are based on the AC3_1, AC3_2, and AC3_3 conformers of
[pAdo–H]¯, [pCyd–H]¯, and [pUrd–H]¯, and the SC3_1 and SC3_2 conformers of
[pGuo–H]¯. Band positions for the AC3_1 and AC3_3 conformers of [pGuo–H]¯ are
also included in Tables 6.4 and 6.5. Modes that rule out the presence of the anti
conformers of [pGuo–H]¯ in the experiments are italicized. As inferred from comparison
of the IRMPD spectra of the four deprotonated RNA mononucleotides and that of
[DEP−H]¯, the bands from 700 to 1300 cm-1 arise primarily from the vibrational modes
of the phosphate and ribose moieties with minor contributions from mixed character
modes associated with the nucleobase, whereas the bands in the region from ~1300 to
1800 cm-1 are primarily due to the IR active modes of the nucleobase with minor
contributions from mixed character modes of the ribose moiety.
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6.3.8 Comparison to Deprotonated DNA Mononucleotides
The IRMPD action spectra of the deprotonated RNA mononucleotides are
compared to those measured previously for the analogous deprotonated DNA
mononucleotides in Figure 6.12.1 Although the IRMPD action spectra for the
deprotonated DNA and RNA mononucleotides are remarkably similar, minor differences
are observed that are highlighted in the figure. These small differences are not only
found in the IR active regions of the phosphate and ribose moieties, 650–1400 cm-1, but
also in the nucleobase stretching region, suggesting that the 2'-hydroxyl substituent
exerts more profound effects than simply enhancing the intensities of the C–O and O–H
bending and stretching modes, i.e., shifting and/or coupling of the vibrational bands of
the phosphate and nucleobase moieties are clearly impacted. In general, the IRMPD
yield of the deprotonated RNA mononucleotides is slightly lower than the yield for the
deprotonated DNA mononucleotides, except in the case of [pdAdo–H]¯ versus [pAdo–
H]¯, where larger differences are observed. The reduction in the IRMPD yield suggests
that the 2'-hydroxyl reduces the yield by increasing the barrier for the activated
dissociation rather than affecting the IVR efficiency, consistent with the nucleobase
anions being observed for the deprotonated DNA but not the RNA mononucleotides.
Comparison of the ground and stable low-energy conformers found here for the
deprotonated RNA mononucleotides to the structures reported previously for the
deprotonated DNA mononculeotides, suggests that the 2'-hydroxyl does not exert a
major influence on the overall structure of the mononucleotides as the ground and
stable low-energy conformers of [pNuo–H]¯ are highly parallel to those of [pdNuo–H]¯.
The 2'-hydroxyl substituent does however provide additional stabilization to the overall
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structure via a hydrogen-bonding interaction between the 2'-hydroxyl hydrogen and 3'hydroxyl oxygen atoms, respectively. Only in the case of [pCyd–H]¯ is the C2'-endo
conformation found among the stable low-energy conformers, AC2_1 and AC2_2. In
both the deprotonated DNA and RNA mononucleotides, comparisons of the measured
IRMPD action spectra to the calculated linear IR spectra suggest that multiple
conformers were populated in the experiments. However, in the case of the
deprotonated RNA mononucleotides fewer conformers were accessed in the
experiments, as limited by their ability to form the intramolecular hydrogen bond
between the 2'- and 3'-hydroxyl substituents. Nonetheless, the highly parallel results in
the conformations of the deprotonated DNA and RNA mononucleotides suggest that the
fundamental difference in the biological roles and functions of the DNA and RNA
monomers is most likely not due to their relative conformations, and thus is more likely
related to their differences in chemical properties. Whether or not this conclusion
remains true in the presence of protons and sodium cations is currently under
investigation and will be the subject of a series of studies to follow. However,
cooperative effects that may differ in the presence or absence of the 2′-hydroxyl
substituents may account for the structural differences seen for DNA versus RNA
polymers
6.3.9 Comparison to Other Experimental Techniques
de Vries and coworkers previously examined the neutral forms of 9-ethyl
guanine, guanosine (Guo), and 2'-deoxyguanosine (dGuo) in the mid-IR region,
500−2000 cm-1, using UV-IR double resonance techniques and theoretical calculations.9
The most stable conformer calculated for Guo in their study using the RI-MP2/cc-pVDZ
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level of theory exhibits the C2'-endo conformation for the ribose, syn conformation for
the nucleobase, and the N3 nitrogen atom of the nucleobase forms a hydrogen-bonding
interaction with the 5'-hydroxyl hydrogen atom. This differs from the ribose conformation
observed in the current study, the C3'-endo conformation, for [pGuo–H]¯ and may
suggest that the deprotonated phosphate moiety induces this change in the sugar
conformation. The enol-imino (O6–N1) tautomer is also considered in their calculations,
and is found to be 3.1 kJ/mol less stable than the canonical keto-amino tautomer.
Comparison of the IR-UV ion-dip spectrum of Guo to the theoretical IR spectra
calculated using both the RI-MP2/cc-pVDZ and RI-DFT-D (TSSP) levels of theory
suggests that the enol-imino tautomer was accessed in their experiment due to the
absence of a sharp carbonyl stretch at ~1700–1725 cm-1. This is markedly different from
the results observed in the current study in which a strong carbonyl stretch is present in
the IRMPD action spectrum of [pGuo–H]¯ at ~1735 cm-1, indicating that the ground
canonical keto-amino tautomer of the nucleotide was accessed in our experiments. It is
possible that the difference in the conformation of the nucleobase accessed in our
experiments and that of de Vries and coworkers is due to the presence of the
deprotonated phosphate moiety and the additional hydrogen-bond stabilization with the
2-amino substituent of the nucleobase moiety. However, it seems more likely that the
slightly higher energy enol-imino tautomer accessed in the work of de Vries and
coworkers is due to the difference in the way in which these species were introduced
into the gas-phase. The neutral of interest was introduced into the gas-phase via laser
desorption in the IR-UV experiment, whereas electrospray ionization was employed
here for the deprotonated species. In principle, the vibrational modes of the ribose from
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the IR-UV experiments can be used to compare to the modes observed in the current
study in an attempt to assign different conformations of the ribose, C2'-endo versus
C3'-endo. However, the vibrational modes below 1350 cm-1 in the IRMPD action
spectrum are significantly broadened as compared to the IR-UV ion-dip spectrum, and
the coupling of ribose, phosphate, and nucleobase vibrational modes makes such a
comparison very difficult. Therefore, such comparisons were not pursued as they would
probably not yield reliable conclusions.
Leulliot et al. previously examined the aqueous and neutral forms of cytidine
(Cyd) and uridine (Urd) using FTIR and theoretical calculations, respectively, in the
region below 2000 cm-1.10,11 The ground conformers they calculated for both Cyd and
Urd exhibit a C3'-endo conformation for the ribose, anti conformation for the
nucleobase, and the 2'-hydroxyl hydrogen atom forms an intramolecular bond with the
3'-hydroxyl oxygen atom, similar to the ground conformers found here for [pCyd−H]¯
and [pUrd–H]¯. However, in an attempt to characterize the conformation of the
mononucleotide, they calculated the deprotonated uridine-5'-methyl phosphate with an
ammonium counterion, [NH4]+. They found that the optimized ground structure exhibits
a C2'-endo conformation for the ribose, anti conformation for the nucleobase, and the
3'-hydroxyl hydrogen atom forms an intramolecular hydrogen bond with the 2'-hydroxyl
oxygen atom, whereas the deprotonated dioxo moiety is hydrogen bonded to the [NH4]+
counterion to neutralize the negative charge of the phosphate moiety. This is in contrast
to the C3'-endo conformation of the ribose and the orientations of the two hydrogenbonding interactions of the phosphate moiety and the 2'- and 3'-hydroxyl groups of the
ground conformer of [pUrd–H]¯ found here. Changes in the conformations of the
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deprotonated DNA and RNA mononucleotides induced by the binding of cation(s) are
being explored, and will be the subject of future work. The IRMPD action spectra of
[pCyd–H]¯ and [pUrd–H]¯ exhibit similar features that are slightly broader and less
resolved than those observed in the linear IR spectra of Cyd and Urd in aqueous
solution. Nonetheless, the good agreement between the two techniques suggests that
the conformations of the ribose and nucleobase of [pCyd−H]¯ and [pUrd–H]¯ accessed
in our experiments are similar to those sampled under aqueous conditions.
Previously, Maître and coworkers examined the conformation of deprotonated
adenosine 3',5'-cyclic monophosphate, [cpAdo–H]¯, using similar techniques as
employed in the present work.12 The ground conformation they found for [cpAdo−H]¯
exhibits a similar conformation to the AC3_3 conformer found here for [pAdo–H]¯,
where the ribose and nucleobase are in C3'-endo and anti conformations, respectively,
the phosphoester oxygen atom points below the plane of the ribose, and the 2'-hydroxyl
hydrogen atom is hydrogen bonded to the 3'-hydroxyl oxygen atom. The difference
between these two structures lies in the orientation of phosphate moiety, where in the
cyclic structure the phosphate moiety forms a covalent phosphoester bond with the
3'-hydroxyl group and maintains the deprotonated dioxo group. The only dissociation
pathway observed upon IRMPD of [cpAdo–H]¯ results from the glycosidic bond
cleavage, producing the deprotonated adenine anion, [Ade–H]¯. Clearly, cyclization of
the phosphate backbone and the 3'-hydroxyl substituent stabilize the phosphate ester
bonds as the cleavage of the phosphoester bond resulting in the formation of the
metaphosphate anion, [PO3]¯, was observed as the major IRMPD pathway for the RNA
mononucleotides examined here. In addition, two minor dissociation pathways were
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also observed for the deprotonated RNA mononucleotides examined here, resulting in
the formation of [pNuo–Base–H]¯ and [H2PO4]¯, whereas the deprotonated adenine
anion pathway was not observed. The lack of additional IRMPD dissociation pathways
exhibited in their work also led to the appearance of just four intense and two weak
bands in the IRMPD action spectrum of [cpAdo–H]¯, whereas additional peaks that are
present in the theoretical spectra are only visible in the measured spectrum upon 10
times magnification.
6.4 Conclusions
The gas-phase conformations of the four deprotonated RNA mononucleotides
have been examined in this work by IRMPD action spectroscopy over the IR fingerprint
region extending from ~600 to 1800 cm-1. Comparison of the measured IRMPD action
spectra with the linear IR spectra predicted for the stable low-energy conformations of
these species calculated at the B3LYP/6-311+G(d,p) level of theory allows the
conformations populated in the experiments to be identified. In the most stable
conformations found for [pAdo–H]¯, [pCyd–H]¯, and [pUrd–H]¯, the ribose is in a
C3'-endo conformation and the nucleobase is in an anti conformation. These structures
are stabilized by an intramolecular hydrogen bond between one of the oxo oxygen
atoms of the deprotonated phosphate moiety and the 3'-hydroxyl hydrogen atom of the
ribose moiety, with another intermolecular hydrogen bond between the 2'-hydroxyl
hydrogen and the 3'-hydroxyl oxygen atoms, and the phosphate ester oxygen atom
points above the plane of the ribose moiety. In the most stable structure found for
[pGuo–H]¯, the ribose is also in a C3'-endo conformation, and the nucleobase is in a
syn conformation. The oxo oxygen atoms of the deprotonated phosphate moiety are
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stabilized by hydrogen-bonding interactions with the 3'-hydroxyl and 2-amino hydrogen
atoms of the ribose and nucleobase moieties, respectively, and the 2'-hydroxyl
hydrogen and 3'-hydroxyl oxygen atoms form a third intramolecular hydrogen bond, and
the phosphate ester oxygen atom points below the plane of the ribose moiety.
Additional stable low-energy structures were also found for each of the deprotonated
RNA mononucleotides that retain the C3'-endo and anti (syn) conformations and
hydrogen bond to the 3'-hydroxyl hydrogen atom (and 2-amino hydrogen atom in the
case of [pdGuo–H]¯) that only differ from the ground conformer by the orientation of the
P–OH hydroxyl group, the free oxo oxygen atom, and the orientation of the phosphate
ester oxygen atom. Results from both the measured IRMPD action spectra and
calculated linear IR spectra suggest that the spectral features in the region from 1300–
1800 cm-1 are similar enough for all of the stable low-energy conformers calculated here
that they cannot be effectively used to identify or eliminate the presence of different
conformers in the experiments. However, spectral features in the region from 600–1300
cm-1 exhibit broad and somewhat diagnostic bands where the calculated frequencies
from multiple stable low-energy conformers are well matched to the measured IRMPD
action spectra, suggesting that multiple low-energy conformers may have been
populated in the experiments. This is not really surprising because the ions probed in
the current work have a room temperature internal energy distribution. These findings
suggest that the deprotonated phosphate moiety of the RNA mononucleotides is flexible
and dynamic such that its conformation can be varied to a moderate extent without
significant loss in stability. The results presented here are highly parallel to those found
for the deprotonated DNA mononucleotides, in particular the conformations of the
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deprotonated RNA mononucleotides accessed in the experiments where the most
significant difference from the DNA analogues is the additional hydrogen-bonding
interaction between the 2'- and 3'-hydroxyl moieties. However, the additional hydrogen
bonding interaction provides stabilization to the overall structure such that fewer stable
low-energy conformers were accessed in the experiments for all four deprotonated RNA
mononucleotides as compared to the analogous deprotonated DNA mononucleotides.
This would suggest that the intrinsic difference between the DNA and RNA
mononucleotides is most likely not due to their relative conformations, but the change in
their chemical properties induced by the different substituents at the C2' position. This
can be realized by comparing the difference in the IRMPD pathways of [pdNuo–H]¯ and
[pNuo–H]¯, where the deprotonated nucleobase anions, [Base-H]¯, were not observed
for any of the four deprotonated RNA mononucleotides, but were observed as very
minor dissociation products in the IRMPD of the [pdAdo–H]¯, [pdCyd–H]¯, and
[pdThd−H]¯ systems. Similar results were also obtained using energy resolved CID2
and UV photodissociation3-5 techniques, where the onset of the [Base–H]¯ pathway for
[pNuo–H]¯ requires higher energy and is observed as low abundance dissociation
species.
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Dihedral angles (deg)

AC3_1
AC3_2
AC3_1R
AC3_3
AC3_2R
AC3_3R
AC3_4
AC3_5
AC3_6
AC3_4R
AC3_5R
AC3_6R

37.3
36.8
36.7
-69.3
33.7
-72.8
-88.2
-72.6
-46.4
-87.0
-75.0
-46.0

-102.3
-106.1
-101.6
92.8
-107.1
96.4
97.5
86.5
-66.7
96.9
84.7
-66.9

35.2
35.6
35.2
28.4
35.8
28.3
29.3
-6.4
27.2
29.5
-8.5
27.2

-139.9
-142.9
-142.5
-127.5
-146.3
-128.9
-129.4
-118.0
-122.0
-131.4
-117.7
-121.5

37.2
-84.5
36.4
-97.8
-63.4
-89.4
174.2
-95.2
60.4
175.0
-91.0
60.5

172.7
50.4
171.1
36.2
70.8
45.0
-50.2
39.0
-164.7
-50.3
43.4
-165.3

-72.8
161.4
-72.9
151.7
-178.3
160.2
59.8
154.5
-50.1
58.7
158.6
-48.9

-85.6
92.2
121.3
90.2
-91.4
-82.0
90.7
91.3
-95.4
-129.2
-81.2
118.7

[pAdo–H]¯ ∠OC5'C4'C3' ∠POC5'C4' ∠C1'C2'C3'C4' ∠OC1'N9C4 ∠O=POC5' ∠O=POC5' ∠O−POC5' ∠HOP−O

Conformer

Table 6.1 Dihedral Angles of the Stable Low-Energy Conformers of the Deprotonated RNA Mononucleotides Optimized
at the B3LYP/6-31+G(d,p) Level of Theory.
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-101.9
-101.2
-106.4
93.1
-107.7
89.5
97.3

36.0
36.0
36.0
27.7
36.3
28.3
31.8

-144.8
-144.9
-145.3
-132.9
-147.6
-129.5
-147.7

34.6
33.1
-85.0
-95.3
-65.9
-103.7
174.2

169.8
167.7
50.0
38.8
68.3
29.8
-50.1

-75.6
-76.5
161.3
154.1
179.1
145.4
59.7

-75.9
-78.4
162.6
174.5
151.1
159.2
-76.2
68.2
-78.2
179.7

-85.2
119.6
98.4
-82.0
-96.8
91.1
91.3

-84.9
116.0
100.3
-96.2
90.0
-81.8
-84.9
87.6
115.1
-87.4

40.6
40.2
39.2
-68.6
36.3
-63.3
-87.8

169.9
166.3
51.0
63.8
35.8
44.2
169.9
-43.4
166.8
66.5

AC3_1
AC3_1R
AC3_2
AC3_3
AC3_2R
AC3_3R
AC3_4

34.5
31.5
-84.1
-70.8
-98.3
-90.2
34.5
-178.6
32.0
-69.2

∠OC5'C4'C3' ∠POC5'C4' ∠C1'C2'C3'C4' ∠OC1'N1C2 ∠O=POC5' ∠O=POC5' ∠O−POC5' ∠HOP−O

-151.0
-151.1
-149.0
-152.4
-153.6
-148.8
-157.0
-166.4
-157.2
-164.6

[pUrd–H]¯

37.8
37.9
37.1
37.5
32.5
32.0
39.1
-30.9
39.1
-30.9

43.3
43.0
40.4
38.3
-67.7
-71.9
48.9
48.8
48.6
51.6

AC3_1
AC3_1R
AC3_2
AC3_2R
AC3_3
AC3_3R
AC3_7
AC2_1
AC3_7R
AC2_2
-102.0
-100.9
-106.8
-108.3
94.4
96.4
-104.0
140.1
-103.1
148.5

∠OC5'C4'C3' ∠POC5'C4' ∠C1'C2'C3'C4' ∠OC1'N1C2 ∠O=POC5' ∠O=POC5' ∠O−POC5' ∠HOP−O

Dihedral angles (deg)

pCyd–H]¯

Conformer

Table 6.1 (cont’d) Dihedral Angles of the Stable Low-Energy Conformers of the Deprotonated RNA Mononucleotides
Optimized at the B3LYP/6-31+G(d,p) Level of Theory.
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dihedral angles (deg)

SC3_1
SC3_1R
SC3_2
SC3_2R
SC3_3
AC3_1
AC3_3

-65.4
-65.6
40.7
39.5
-67.2
35.5
-72.1

91.2
90.8
-96.2
-95.8
101.9
-102.3
96.4

26.0
26.2
30.5
30.3
24.7
31.8
22.1

61.8
61.6
63.3
62.8
62.9
-141.9
-124.8

-96.1
-93.2
24.8
23.9
9.0
38.7
-94.1

38.4
41.4
159.5
158.1
147.2
174.2
40.0

151.8
154.8
-87.6
-88.2
-101.9
-71.2
155.5

92.5
-78.3
-82.4
113.1
-102.8
-86.2
89.5

[pGuo–H]¯ ∠OC5'C4'C3' ∠POC5'C4' ∠C1'C2'C3'C4' ∠OC1'N9C4 ∠O=POC5' ∠O=POC5' ∠O−POC5' ∠HOP−O

Conformer

Table 6.1 (cont’d) Dihedral Angles of the Stable Low-Energy Conformers of the Deprotonated RNA Mononucleotides
Optimized at the B3LYP/6-31+G(d,p) Level of Theory.
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Table 6.2 Relative Enthalpies at 0 K and Gibbs Free Energies at 298 K of the Stable
Low-Energy Conformers and Select Excited Conformers of the Deprotonated RNA
Mononucleotides Calculated at Various Levels of Theory.a
MP2(full)

M06

B3LYP

Complex

Conformers ΔH0

ΔG298 ΔH0

ΔG298 ΔH0

[pAdo–H]¯

AC3_1
AC3_2
AC3_1R
AC3_3
AC3_2R
AC3_3R
AC3_4
AC3_5
AC3_6
AC3_4R
AC3_5R
AC3_6R
SC3_1
SC3_2

0.0
2.9
3.7
9.1
7.8
12.0
13.7
15.3
16.1
17.8
16.6
19.2
22.9
25.3

0.0
0.6
3.0
5.8
7.9
8.5
10.2
11.5
12.1
13.4
13.5
15.5
19.9
24.5

0.0
3.0
3.4
4.8
7.0
7.0
8.0
11.9
11.6
12.0
13.4
14.2
19.8
24.0

0.0
0.6
2.8
1.4
7.1
3.5
4.5
8.1
7.6
7.6
10.3
10.5
16.8
23.1

[pCyd–H]¯

AC3_1
AC3_1R
AC3_2
AC3_2R
AC3_3
AC3_3R
AC3_7
AC2_1
AC3_7R
AC2_2
SC3_1
SC3_2

0.0
2.5
8.3
10.8
15.8
19.8
13.9
14.6
15.9
17.3
48.9
56.4

0.0
1.5
5.6
9.0
11.0
13.8
13.9
14.5
15.1
15.8
43.9
54.0

0.0
2.4
7.2
9.7
10.7
14.1
12.5
11.8
14.3
14.2
44.5
52.3

0.0
1.4
4.6
7.9
5.8
8.2
12.5
11.7
13.6
12.7
39.5
49.9

B3P86
ΔG298 ΔH0

ΔG298

0.6
3.8
4.3
0.0
7.4
0.9
1.6
2.0
7.0
6.0
3.4
10.4
10.7
19.8

4.0
4.8
7.0
0.0
10.9
0.7
1.5
1.6
6.3
4.9
3.7
10.0
11.1
22.3

0.3
3.7
3.8
0.0
7.0
1.4
2.8
1.9
6.4
6.9
3.5
9.5
11.8
20.4

3.7
4.7
6.5
0.0
10.5
1.2
2.6
1.5
5.7
5.8
3.8
9.1
12.1
22.9

0.0
2.8
6.0
8.7
5.6
7.4
13.5
10.5
15.9
12.8
30.9
43.3

0.0
1.7
3.3
6.9
0.8
1.4
13.6
10.5
15.1
11.3
25.9
40.9

0.0
2.5
6.4
8.8
6.3
8.5
14.5
12.2
16.5
14.7
33.9
45.6

0.0
1.5
3.7
7.0
1.5
2.5
14.5
12.1
15.8
13.2
28.8
43.1
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Table 6.2 (con’t) Relative Enthalpies at 0 K and Gibbs Free Energies at 298 K of the
Stable Low-Energy Conformers and Select Excited Conformers of the Deprotonated RNA
Mononucleotides Calculated at Various Levels of Theory.a
MP2(full)

a

M06

B3LYP

B3P86

Complex

Conformers ΔH0

ΔG298 ΔH0

ΔG298 ΔH0

ΔG298 ΔH0

ΔG298

[pUrd–H]¯

AC3_1
AC3_1R
AC3_2
AC3_3R
AC3_2R
AC3_3
AC3_4
SC3_1
SC3_2

0.0
3.5
5.3
16.3
10.0
12.9
19.2
36.7
41.9

0.0
2.6
2.8
9.4
10.0
10.0
15.6
33.5
40.5

0.0
3.4
4.4
11.5
8.9
8.9
12.4
32.2
38.3

0.0
2.5
2.0
4.6
8.8
6.1
8.8
29.0
36.9

0.0
3.6
4.0
4.4
8.2
3.9
6.4
21.2
31.5

2.5
5.2
4.1
0.0
10.5
3.5
5.2
20.4
32.5

0.0
3.3
4.4
5.1
8.1
3.8
8.1
23.5
33.2

1.8
4.3
3.7
0.0
9.9
2.8
6.3
22.0
33.6

[pGuo–H]¯ SC3_1
SC3_1R
SC3_2
SC3_2R
SC3_3
AC3_1
AC3_3

0.0
1.8
3.5
5.6
19.0
55.9
62.6

0.0
2.0
3.5
5.2
17.1
44.7
49.7

0.0
2.0
4.0
5.6
19.6
57.1
60.7

0.0
2.2
4.0
5.2
17.8
45.9
47.8

0.0
2.0
3.6
5.5
18.6
46.9
43.9

0.0
2.2
3.5
5.1
16.8
35.7
31.0

0.0
2.0
4.4
6.1
21.0
50.5
47.8

0.0
2.2
4.4
5.6
19.2
39.3
34.9

Energetics are determined from single-point energy calculations using the
6-311+G(2d,2p) basis set and structures optimized at the B3LYP/6-311+G(d,p) level of
theory including zero-point vibrational energy and thermal corrections. All energies are
given in kJ/mol.

SC3_2

SC3_1

[pAdo–H]¯
[pGuo–H]¯
[pCyd–H]¯
[pUrd–H]¯
[pAdo–H]¯
[pGuo–H]¯
[pCyd–H]¯
[pUrd–H]¯

Conformer Complex

138.8
131.3

139.2
123.6

140.9
140.1

138.2
137.5

-76.8
-65.4
-81.8
-77.8
31.7
40.7
28.1
29.5

98.0
91.2
99.5
98.1
-102.2
-96.2
-102.1
-101.9
75.6
63.3

71.9
61.8

76.1
74.4

72.1
70.9

15.9
26.0
19.2
19.0
24.6
30.5
23.1
23.6

∠N9C1'C4' ∠N1C1'C4' ∠OC5'C4'C3' ∠POC5'C4' ∠OC1'N9C4 ∠OC1'N1C2 ∠C1'C2'C3'C4'

Dihedral Angles (deg)

Table 6.3 Comparison of Various Dihedral Angles of the syn Conformers for All Four Deprotonated RNA
Mononucleotides.
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Table 6.4 Observed Band Positions (in cm-1) and Assignments of the Vibrational Modes
of the Phosphate and Ribose Moieties of the Deprotonated RNA Mononucleotides in the
IR Fingerprint Region.
Vibrational Mode
Phosphate

[pAdo–H]¯a [pCyd–H]¯b [pUrd–H]¯c

[pGuo–H]¯d

[pGuo–H]¯e

P–OC5' stretch

725

725

725

740

700

P–OH stretch
PO–C5' stretch

800
1110

810
1110

815
1110

805
1030, 1100

770f, 810g
1100g,
1115f

PO–H in plane
bend

1050,
1265

1050, 1275 1050, 1275

1030, 1050,
1250

1050,
1260g,
1280f

O=P=O symmetric 1050
stretch

1050

1050

1030, 1100

1050

O=P=O
1265
asymmetric stretch

1275

1275

1250

1260g,
1280f

740, 775
1100

700
1000f,
1050g

1030

1050

Ribose
Ring bend
Ring stretch

800
990

810
1000

815
1000

C5'H2 rock

1050

860, 1050

870, 1050

C1'–C2' stretch
C2'–C3' stretch

860

870

C3'–C4' stretch

1145

1145

C1'–O stretch

1050

1050

1050

1050, 1115

1050

C2'–O stretch

1110

1110

1110

1100

1100

C3'–O stretch
C4'–O stretch

1160
1050,
1110

1165
1160
860, 1050, 870, 1050,
1110
1110

1030

1150
1050g

Hydrogen atoms
bend

1200,
1265,
1400

1200,
1275,
1380

1205, 1275,
1380

1250, 1400

1225f,
1260g,
1280f, 1375f
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Table 6.4 (cont’d) Observed Band Positions (in cm-1) and Assignments of the Vibrational
Modes of the Phosphate and Ribose Moieties of the Deprotonated RNA
Mononucleotides in the IR Fingerprint Region.
Vibrational Mode
Ribose

[pAdo–H]¯a [pCyd–H]¯b [pUrd–H]¯c

C1'–H bend
C2'–H bend
C2'O–H in plane
bend

[pGuo–H]¯e

1445
1200,
1400

C3'–H bend
C3'O–H in plane
bend

1470
1470

C3'O–H out-ofplane bend

825

a

[pGuo–H]¯d

1200, 1380 1205, 1380

1335
1400

1375f,
1400g
1525f
1475f

825

830

805, 840

880f, 940g

Assignments based on comparison of the IRMPD action spectrum and theoretical IR
spectra of AC3_1, AC3_2 and AC3_3 conformers of [pAdo–H]¯.
b
Assignments based on comparison of the IRMPD action spectrum and theoretical IR
spectra of AC3_1, AC3_2 and AC3_3 conformers of [pCyd–H]¯.
c
Assignments based on comparison of the IRMPD action spectrum and theoretical IR
spectra of AC3_1 and AC3_2 conformers of [pUrd–H]¯.
d
Assignments based on comparison of the IRMPD action spectrum and theoretical IR
spectra of SC3_1 conformer of [pGuo–H]¯.
e
Theoretical IR vibrational modes of the anti conformations of [pGuo–H]¯.
f
Theoretical IR vibrational modes of AC3_1 conformation of [pGuo–H]¯. Modes that
enable the differentiation of syn versus anti conformers are in italics.
g
Theoretical IR vibrational modes of AC3_3 conformation of [pGuo–H]¯. Modes that
enable the differentiation of syn versus anti conformers are in italics.
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Table 6.5 Observed Band Positions (in cm-1) and Assignments of the Vibrational Modes
of the Nucleobase Moieties of the Deprotonated RNA Mononucleotides in the IR
Fingerprint Region
Complex

Vibrational Mode

Wavenumber (cm-1)

[pAdo–H]¯a

C8–H in plane bend

1200, 1480

NH2 rock

1265

C2–H in plane bend

1457

N1=C6 stretch

1457, 1580

N7=C8 stretch

1480

N3–C4 stretch

1580

NH2 scissor

1580, 1618

C5–C6 stretch

1618

Ring stretch

810, 1200

C6–H out-of-plane bend

1050

NH2 rock

1110

N1–C2 stretch

1110
1110

[pCyd–H]¯b

Asymmetric bend of C5=C6
hydrogen atoms
C5–H in plane bend

1200

C4–N4 stretch

1330
1330, 1470

Symmetric bend of C5=C6
hydrogen atoms
N3=C4 stretch

1470

C4–C5 stretch

1540

NH2 scissor

1600, 1640

C5=C6 stretch

1640

C=O stretch

1700
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Table 6.5 (con’t) Observed Band Positions (in cm-1) and Assignments of the Vibrational
Modes of the Nucleobase Moieties of the Deprotonated RNA Mononucleotides in the IR
Fingerprint Region
Complex

Vibrational Mode

Wavenumber (cm-1)

[pUrd–H]¯c

Ring stretch

815, 1205

N1–C2 stretch
Asymmetric bend of C5=C6
hydrogen atoms

1110
1110, 1275

C5–H in plane bend
Symmetric bend of C5=C6
hydrogen atoms

1205
1445

N3–H in plane bend

1380

C5=C6 stretch

1625

C=O stretch

1710

Ring out of plane bend

775

N2–H out-of-plane bend
Ring stretch

805, 840
805, 840, 1050, 1335,
1525

N1–C2 stretch

1050

NH2 rock

1140

C8–H in plane bend

1250, 1525

N1–H bend

1335, 1580

N3–C4 stretch

1555

C2=N3 stretch

1580

NH2 scissor

1580, 1650

C=O stretch

1720

[pGuo–H]¯d
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Table 6.5 (con’t) Observed Band Positions (in cm-1) and Assignments of the Vibrational
Modes of the Nucleobase Moieties of the Deprotonated RNA Mononucleotides in the IR
Fingerprint Region
Complex

Vibrational Mode

Wavenumber (cm-1)

[pGuo–H]¯e

Ring stretch
NH2 rock
C8–H in plane bend
C2–NH2 stretch
N1–H bend
C2=N3 stretch
NH2 scissor
C=O stretch

700, 1050, 1525
1150
1225f, 1525
1525
1580
1580
1580, 1625
1735

a

Assignments based on the comparison of the IRMPD action spectrum and theoretical
IR spectra of AC3_1 and AC3_2 conformers of [pAdo–H]¯.
b
Assignments based on the comparison of the IRMPD action spectrum and theoretical
IR spectra of AC3_1 and AC3_2 conformers of [pCyd–H]¯.
c
Assignments based on the comparison of the IRMPD action spectrum and theoretical
IR spectra of AC3_1 and AC3_2 conformers of [pUrd–H]¯.
d
Assignments based on the comparison of the IRMPD action spectrum and theoretical
IR spectra of SC3_1 conformer of [pGuo–H]¯.
e
Theoretical IR vibrational modes of the anti conformations of [pGuo–H]¯.
f
Theoretical IR vibrational modes of AC3_1 conformation of [pGuo–H]¯. Modes that
enable the differentiation of syn versus anti conformers are in italics.
g
Theoretical IR vibrational modes of AC3_3 conformation of [pGuo–H]¯. Modes that
enable the differentiation of syn versus anti conformers are in italics.
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0.6

−
[pAdo
pAdo-H
H]

0.4
0.2
0.0
06
0.6

−
[pCyd
pCyd-H
H]

0.4

Relative Inten
R
nsity

0.2
0.0
12
1.2

[pUrd-H] −

0.8
0.4
0.0
1.2

[pGuo-H] −

0.8
0.4
0.0
12
1.2

[DEP-H] −

0.8
0.4
0.0
600

800

1000

1200

1400

1600

1800

Frequency (cm )
-1

Figure 6.1 Infrared multiple photon dissociation action spectra of the deprotonated
RNA mononucleotides, [pNuo–H]¯, and deprotonated diethyl phosphate, [DEP–H]¯.
Results for [DEP–H]¯ are taken from reference 6.
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Figure 6.2 Comparison of the measured IRMPD action spectrum of [pAdo–H]¯ with
the linear IR spectra and optimized structures predicted for the ground and stable
low-energy conformers at the B3LYP/6-311+G(d,p) level of theory.
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Figure 6.3 Comparison of the measured IRMPD action spectrum of [pCyd–H]¯ with
the linear IR spectra and optimized structures predicted for the ground and stable
low-energy conformers at the B3LYP/6-311+G(d,p) level of theory.
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the linear IR spectra and optimized structures predicted for the ground and stable
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CHAPTER 7 CONCLUSIONS AND FUTURE PROSPECTS
7.1 Conclusions
The present thesis explores the intrinsic interaction of a proton or sodium cation
with uracil and modified uracil nucleobases, and the intramolecular stabilization of
deprotonated mononucleotides. The studies presented here make use of infrared
multiple photon dissociation (IRMPD) action spectroscopy technique to measure the
infrared (IR) spectrum of these biologically important complexes in the absence of a
solvent system, hence eliminating many of the ambiguities that are typically inherent in
condensed phase systems; absorption due to solvent molecules, counterions,
contaminants, and cluster of analytes (oligomers). This work also allows the intrinsic
noncovalent (intra- and intermolecular) interactions in each complex to be studied in
detail. Results obtained from the IRMPD experiments are further enhanced by high level
of theoretical calculations that enable detailed analysis and elucidation of the structures
accessed in the experiments. Comparison of the measured IRMPD action spectra to the
calculated linear IR spectra validates the scaling factors and anharmonicity corrections
that should be incorporated into the calculated vibrational frequencies for the IR
fingerprint region.
The first part of this thesis, Chapters 3 and 4, examine the interactions of uracil
(Ura), one of the four nucleobases of RNA, and its thioketo modified forms, 2-thiouracil
(S2Ura), 5-methyl-2-thiouracil (m5S2Ura), 6-methyl-2-thiouracil (m6S2Ura), 4-thiouracil
(S4Ura), and 2,4-dithiouracil (S2,4Ura) with a proton (H+) or sodium cation (Na+). In
Chapter 3, the binding of a proton to Ura, S2Ura, m5S2Ura, m6S2Ura, and S2,4Ura is
shown to

stabilize an alternative tautomer of the nucleobase, where the diketo,
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thioketo-keto, and dithioketo groups are both converted to hydroxyl (or sulfhydryl)
groups. In contrast, the binding of a proton to S4Ura results in simple protonation of the
canonical keto-thioketo tautomer at the 4-thioketo position. In Chapter 4, however,
essentially the opposite behavior is observed for the binding of sodium cation to the
nucleobases. The sodium cation preferentially binds to the 4-keto position of the
canonical 2,4-diketo tautomer of Ura, and also the 4-keto position of the canonical 2thioketo-4-keto tautomer of S2Ura, m5S2Ura, and m6S2Ura. Binding of a sodium cation
to S4Ura and S2,4Ura again shows contrasting behavior and is found to stabilize an
alternative 2-keto-4-sulfhydryl and 2-thioketo-4-sulfhydryl tautomer, respectively.
The second part of this thesis, Chapters 5 and 6, is focused on the
intramolecular

stabilization

of

the

four

naturally

occurring

DNA

and

RNA

mononucleotides in their deprotonated forms; [pdNuo–H]¯ and [pNuo–H]¯. The DNA
mononucleotides

include

2'-deoxyadenosine-5'-monophosphate

deoxycytidine-5'-monophosphate

(pdCyd),

(pdAdo),

2'-

2'-deoxyguanosine-5'-monophosphate

(pdGuo), and thymidine-5'-monophosphate (pdThd). The RNA mononucleotides include
adenosine-5'-monophosphate (pAdo), guanosine-5'-monophosphate (pGuo), cytidine-5'monophosphate (pCyd), and uridine-5'-monophosphate (pUrd). In Chapter 5, the most
stable structures accessed for [pdAdo−H]¯, [pdCyd–H]¯, and [pdThd–H]¯ adapt the anti
and C3'-endo conformations for the nucleobase and ribose moieties, respectively.
These structures are stabilized by an intramolecular hydrogen bond between one of the
oxo oxygen atoms of the deprotonated phosphate moiety and the 3'-hydroxyl hydrogen
atom of the ribose moiety. In the most stable structure found for [pdGuo–H]¯, the ribose
is also in a C3'-endo conformation, while the nucleobase is in a syn conformation. In this
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conformation, the oxo oxygen atoms of the deprotonated phosphate moiety are
stabilized by hydrogen-bonding interactions with the hydrogen atoms of the ribose 3'hydroxyl and the nucleobase C2 amino substituents. In Chapter 6, the most stable
structures accessed for [pAdo–H]¯, [pCyd–H]¯, [pUrd–H]¯, and [pGuo–H]¯ are highly
parallel to their DNA mononucleotide analogs, where they only differ from one another
in the molecular composition; 2'-hydroxyl substituent and demethylation of thymine. The
hydrogen and oxygen atoms of the 2′- and 3′-hydroxyl substituents simply form an
intramolecular hydrogen bond, respectively. The IRMPD pathways observed for
[pdNuo–H]¯ and [pNuo–H]¯, however, are markedly different, which suggest that the 2'hydroxyl substituent in RNA mononucleotides has profound effect on the chemical
stability of nucleic acids.
7.2 Future Prospects
The present work generated a library of gas-phase ion structures of protonated
and sodium cationized nucleobases, and deprotonated mononucleotides. This structural
information is valuable for understanding the intrinsic interaction of a proton or sodium
cation on these biologically important molecules, and how they facilitate stabilization of
various conformations that their polymers adapt. There exist a number of projects that
could be pursued to understand other important biological interactions and processes.
These projects are as follows:
(1) In Chapter 3, the hydroxyl and/or sulfhydryl rotamers of protonated uracil and
thiourcails are not readily distinguished using the IR features measured in the fingerprint
region. The O−H and S−H stretching modes are typically measured in the regions
between 3580–3700 cm-1 and 2550–2600 cm-1, respectively. 1 The S−H stretching
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mode, however, exhibits weak absorption, whereas the O−H stretching mode is not
covered by the FEL, and instead falls in the domain of optical parametric oscillator
(OPO) lasers. Therefore, a re-examination of these experiments using an OPO laser
setup is highly desirable. 2-Thiouracil and 4-thiouracil have been known to base-pair
with adenine and guanosine, and are mainly found in RNAs. 2 - 4 Therefore, another
project that is worth pursuing is the ability of protonated uracil and thiouracils at forming
non-Watson-Crick base pairs with other naturally occurring DNA and RNA nucleobases,
which may give insights to acid catalyzed base-pair mismatch and the impact of thioketo
substitutions on their binding affinities.
(2) Metal cations such as sodium, potassium, and magnesium are widely found
in biology for stabilizing nucleic acid polymers, and carry out many important biological
processes involving the monomers and polymers of nucleic acids. Therefore, it would
be fruitful to understand their interactions with pdNuo and pNuo, and compare and
contrast to the deprotonated complexes presented here. Toxic metals such as
aluminum, arsenic, beryllium, cadmium, cobalt, copper, iron, lead, manganese,
mercury, silver, thallium, tin, and zinc are known to depolymerize DNA and RNA,5-11
and lead to metal toxicity. Hence it would also be interesting to study how their
interactions with pdNuo and pNuo differ from the common metal cations in biology. Our
laboratory has measured the IRMPD action spectra of disodium and magnesium bound
[pdNuo–H]¯ and [pNuo–H]¯ in the IR fingerprint region, and is currently pursuing
measurements in the hydrogen-stretching region to determine the influence of these
metal cations on the structures of these species. The IRMPD action spectra for the
complexes of [pdCyd−H+Pb]+, [pCyd−H+Pb]+, and [pUrd−H+Pb]+ have been reported
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previously by Salpin et al.12,13
(3) In the long chain polymers of DNA and RNA, each 2'-deoxymononucleoside
(dNuo) or mononucleoside (Nuo) is linked to one another through phosphodiester bonds
at the C3' and C5' positions. Hence the phosphate moiety can be positioned at either
the C3' or C5' position of the mononucleosides to form mononucleoside3'-monophosphate (Nuop) or mononucleoside-5'-monophosphate (pNuo); the same is
true for the DNA analogs (dNuop and pdNuo). Thus far all all of our work to examine
nucleic acid building block presented here and currently ongoing have been limited to
pdNuc and pNuc. Future projects may include dNuop and Nuop in their deprotonated
and metal cationized forms, and dinucleotides of DNA and RNA to expand the model
systems under investigation to begin to elucidate how the intrinsic factors that lead to
stabilization evolve in systems of increasing complexity so as to better understand
behavior of the higher order polymers.
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ABSTRACT
GAS-PHASE ION SPECTROSCOPY OF NUCLEOBASES AND
MONONUCLEOTIDES: MODELS FOR HIGHER ORDER NUCLEIC ACIDS
by
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May 2017
Advisor: Dr. Mary T. Rodgers
Major: Analytical Chemistry
Degree: Doctor of Philosophy
Experiments examining the structures and stabilities of protonated and sodium
cationized nucleobases, and deprotonated DNA and RNA mononucleotides are
presented and discussed in this dissertation. These studies were carried out using the
infrared multiple photon dissociation (IRMPD) action spectroscopy technique that
utilizes a Fourier transform ion cyclotron mass spectrometer (FT-ICR MS) coupled to a
free electron laser (FEL) located at the Radboud University Nijmegen. Ionic species of
these biologically important complexes were generated using an electrospray ionization
source and then mass isolated to have their infrared (IR) spectra measured by the
experimental apparatus. Detailed analysis of the IR spectra measured by this technique,
the IRMPD action spectra, are accomplished by high level theoretical calculations,
which enable the structures accessed in the experiments to be determined and
visualized.
In the first part of this thesis, the structures of protonated and sodium cationized
complexes of uracil (Ura), one of the four nucleobases of RNA, and its thioketo modified
forms, 2-thiouracil (S2Ura), 5-methyl-2-thiouracil (m5S2Ura), 6-methyl-2-thiouracil
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(m6S2Ura), 4-thiouracil (S4Ura), and 2,4-dithiouracil (S2,4Ura), were examined via
IRMPD action spectroscopy and density functional theory calculations. The IRMPD
action spectra for these complexes were measured over the range of ~1000–1900 cm-1,
and they exhibit distinct features that allow rapid differentiation of these complexes. The
stable structures probed in these studies reveal that the binding of proton and sodium
cation stabilize alternative tautomers of uracil and these thiouracils. And in doing so, the
base pairing pattern of the nucleobase is changed dramatically.
Gas phase structures of each of the four deprotonated DNA and RNA
mononucleotides are examined in the second part of this thesis using IRMPD action
spectra measured between 600–1800 cm-1 and several different theoretical models.
Structures obtained from these experiments are highly parallel to DNA and RNA
nucleotides observed in dehydrated environments in which the ribose moiety adopts a
C3'-endo conformation and the nucleobase is in an anti conformation, except in the
case of [pdGuo−H]¯ and [pGuo−H]¯, where the nucleobase is in a syn conformation.
These experiments were the first step in a broader program to understand other factors
that influence the structures and stabilities of DNA and RNA nucleotides under common
physiological conditions. A short list of common factors includes protonation, metal
cationization, chemical modification, and solvation.
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